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Preface

This book was inspired by the evolution of our times; to answer the curiosity of inquisitive minds. Many 
developments have occurred across the globe in the recent past which has transformed the progress 
in the field. 

Zoology is a branch of biology that studies the anatomical, physiological, behavioral and evolutionary 
characteristics of animals. It also explores the habits and distribution of animals as well as their 
interactions with their environment. All studies of living and extinct species of animals are covered by 
this discipline. Zoology branches out into diverse taxonomical fields such as mammalogy, entomology, 
ornithology and herpetology. The development of modern techniques of genetic engineering like DNA 
fingerprinting, has aided the understanding of animal populations. This book contains some path-
breaking studies in the field of zoology. It outlines the processes and applications of this field in detail. 
Students, researchers, zoologists and all associated with the area of zoology will benefit alike from this 
book.

This book was developed from a mere concept to drafts to chapters and finally compiled together as a 
complete text to benefit the readers across all nations. To ensure the quality of the content we instilled 
two significant steps in our procedure. The first was to appoint an editorial team that would verify the 
data and statistics provided in the book and also select the most appropriate and valuable contributions 
from the plentiful contributions we received from authors worldwide. The next step was to appoint an 
expert of the topic as the Editor-in-Chief, who would head the project and finally make the necessary 
amendments and modifications to make the text reader-friendly. I was then commissioned to examine 
all the material to present the topics in the most comprehensible and productive format. 

I would like to take this opportunity to thank all the contributing authors who were supportive enough 
to contribute their time and knowledge to this project. I also wish to convey my regards to my family 
who have been extremely supportive during the entire project. 

Editor
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new species of Hirudo (Annelida: Hirudinidae

storical biogeography of Eurasian medicinal 
WT
eches
Saglam1, Ralph Saunders2, Shirley A. Lang3 and Daniel H. Shain2*

stract

ckground: Species of Hirudo are used extensively for medicinal purposes, but are currently listed as endangered
e to population declines from economic utilization and environmental pollution. In total, five species of Hirudo
currently described throughout Eurasia, with Turkey being one of the major exporters of medicinal leech,
marily H. verbana.

sults: To define the distribution of Hirudo spp. within Turkey, we collected 18 individuals from six populations
oughout the country. Morphological characters were scored after dorsal and ventral dissections, and Maximum
elihood (ML) and Bayesian Inference (BI) analyses resolved phylogenetic relationships using mitochondrial
ochrome c oxidase subunit I (COI), 12S ribosomal RNA (rRNA), and nuclear 18S rRNA gene fragments. Our
ults identify a new species of medicinal leech, Hirudo sulukii n. sp, in Kara Lake of Adiyaman, Sülüklü Lake of
ziantep and Segirkan wetland of Batman in Turkey. Phylogenetic divergence (e.g., 10–14 % at COI), its relatively
all size, unique dorsal and ventral pigmentation patterns, and internal anatomy (e.g., small and pointed atrium,
dium-sized epididymis, relatively long tubular and arc formed vagina) distinguish H. sulukii n. sp. from
viously described Hirudo sp.

nclusions: By ML and BI analyses, H. sulukii n. sp. forms a basal evolutionary branch of Eurasian medicinal

fy
m
c
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cin
or
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ly
m
Le
ry
ches. Phylogeographic interpretations of the genus identi
ocene followed by geological events (e.g., Zanclean flood,
trictions and regional speciation of extant members of the

kground
dinid leeches are parasitic to a variety of verte-
es leading many to regard them with distaste, but
medicinal utility is well established. For centur-

Hirudo medicinalis and related species (e.g., H.
ana, H. troctina) were prescribed to treat virtually
y human ailment from arthritis to yellow fever,
t without efficacy. In 1830, during their peak

ad
di
N
la
al
so

tu

e, a Paris hospital employed more than five mil-
medicinal leeches [30]. Consequently, populations
. medicinalis in Central Europe were depleted,
non-sustainable collecting led to their extinction
any areas. Pollution and habitat drainage further
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gy Department, Rutgers The State University of New Jersey, 315 Penn
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t of author information is available at the end of the article
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a European Hirudo “explosion” during the upper
ountain building) that likely contributed to range
lade.

d to their decline, forcing Europe to import me-
al leeches from the Ottoman Empire (Anatolia),
th Africa and Russia [31] to meet demand. By the
1900’s, the advent of “modern” medicine drastic-
reduced clinical demand for leeches, allowing
e threatened populations to rebound.
ech therapy languished for most of the 20th cen-
, considered “quackery” by mainstream medical
titioners [66], but the discovery of various bio-
e compounds in leech saliva [27, 39], and recogni-
of the leech’s superior ability to relieve venous
estion (e.g., [58]), has led to renewed interest in

cal applications. Current fields of employment in-
e reconstructive microsurgery, hypertension, and
rene treatment [24]. In light of 19th century
ats to medicinal leech populations as demand
eased, considerable conservation steps were
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lemented to ensure their continued availability.
uant to these efforts, much confusion resulted re-
ing the taxonomic status of different morpho-
al forms [18, 28, 56, 65]. Phylogenetic analysis of
ear and mitochondrial DNA sequences suggest
the genus Hirudo is monophyletic [60], and that
ies or morphological varieties can be readily iden-
d by coloration patterns. Molecular studies have
n that European medicinal leeches, although usu-
marketed as H. medicinalis, comprise a complex
t least three species: H. orientalis, the commonly
H. verbana and the relatively rare H. medicinalis
7, 54, 55, 60]. Kutschera and Elliott [36] analyzed
behavior of adult H. medicinalis, but could not
differences with respect to its sister taxon H. ver-
a. Morphological and molecular data demonstrate
commercially available medicinal leeches are gen-
y not H. medicinalis [35, 56, 60], but rather speci-
s belonging to the Eastern phylogroup H. verbana
62], which is predominantly bred in leech farms
used as a modern ‘medicinal’ stock.
rkey is rich in wetlands and known to support at
two species of medicinal leech, H. medicinalis and
erbana. Prior to ~2000, it was believed that medi-
l leeches from Turkey’s wetlands were only H. medi-
lis [21, 31]. Molecular characterization of Turkish
es was not performed until the turn of the century,
ever, and leeches from the Kızılırmak and Yesilirmak
as on the Black Sea coast, comprising the majority
ech specimens destined for export, have proven to
H. verbana [4, 51, 55].

apped localities of all Hirudo species show exten-
belt-shaped ranges extending from east to west.
establish the distribution of Hirudo species in
ey, one of the major exporters of medicinal
hes worldwide, we sampled broadly in three rep-
ntative localities within the western, eastern and
heastern regions of Turkey. Our data identifies a
species for the genus, H. sulukii n. sp., that
s a basal evolutionary branch among European
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icinal leeches and sheds light on the evolutionary
ry of the genus.

Gel
ing t

e 1 Primers used for PCR amplification and DNA sequencing

Primer name Primer sequence

DNA C 5'- CGGTAATTCCAGC

Y 5'-CAGACAAATCGCT

DNA 12S-A 5'-AAACTAGGATTAG

12S-B 5'-AAGAGCGACGGG

LCO1490 5'-GGTCAACAAATCA

HCO2198 5'-TAAACTTCAGGGT

______________________ WORLD TECHNO
T

hods
imen collection and maintenance
h specimens collected throughout Turkey (Kara Lake,
z Cesme Marsh, Uluabat Lake, Segirkan wetland,
Lake, Sülüklü Lake) were transported to Fırat

ersity, Fisheries Faculty (Elazig, Turkey) and main-
d in separate 600 L fiberglass tanks based on collec-
location. Tank bottoms were elevated with peat soil
cm on one side to create a terrestrial to aquatic
inuum. Leeches were fed one adult frog (e.g., Pelophy-
idibunda) blood meal per month (others have utilized
malian blood), and typically survived 2+ years in the
ratory. Specimens were fixed in 70 % ethanol for
cular analysis and some were fixed with 10 % formal-
de in PBS for dissection. External traits of live speci-
s were observed by stereomicroscopy. Preserved
imens were dissected dorsally and ventrally, with
esentative sketches of internal morphology derived
tly from the type specimen.

extraction
ue samples from live specimens were obtained by
ing the leech in a 10 % ethanol sedating solution
l it was unresponsive to touch. Approximately half
e caudal sucker was removed with a scalpel, and tis-
cuttings were immediately processed using the
.A.™ Tissue DNA kit (Omega Bio-Tek) following

manufacturer’s instructions. Whenever possible, tis-
from postmortem specimens was taken from the
al sucker to avoid contamination from gut contents.

sequence amplification of target genes
lear 18S rRNA, mitochondrial 12S rRNA and partial
chrome c oxidase subunit 1 (COI) DNA fragments
amplified from genomic DNA using the polymerase

n reaction (PCR). All 12S sequences were obtained
r conditions described by Borda and Siddall [8]. PCR
lification protocols were conducted as described by
chansky and Shain [67] employing primers listed in
e 1. PCR products were purified using the Wizard SV

and PCR Clean-Up System kit (Promega, Inc.) accord-
o the manufacturer’s protocol.

Reference

TCCAATAG -3' Apakupakul et al. (1999) [4]

CCACCAAC -3' Apakupakul et al. (1999) [4]

ATACCCTATTAT-3' Palumbi, 1996 [44]

CGATGTGT-3' Simon et al. [57]

TAAAGATATTGG-3' Folmer et al. [20]

GACCAAAAAATCA-3' Folmer et al. [20]
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sequencing and editing
fied PCR products were shipped to GeneWiz, Inc.
th Plainfield, NJ) for Sanger DNA sequencing using
BI 3730xl DNA analyzer. Each PCR product was se-
ced in both directions using amplification primers,
sequence chromatograms were viewed and manually
sted in ChromasPro (Technelysium, Queensland,
tralia) or BioEdit [26]. Sequence alignments were
e with MUSCLE [17] or CLUSTAL W [29, 38]. Ac-
ion numbers for all CO1, 12S and 18S sequences are
d in Suppl. Data (Table 1).

ogeny
imum-likelihood (ML) analyses were performed for
DNA comparisons, using the pipeline sequence
A 7 [34] to align corresponding sequences from

tiple individuals or homologous DNA across species,
cks [9] for alignment curation, PhyML [25] for tree
ing and TreeDyn [11] for tree drawing, as config-
in the Phylogeny.fr platform [14]. The aLRT statis-
test (approximation of the standard Likelihood

o Test; [3]) embedded in PhyML determined branch
ort values. Default settings were used for all
meters.
yesian Inference (BI) analysis was performed on the
bined data set (morphological parameters, 18S, 12S,
in Nexus format) in MrBayes v. 3.2.1x64 [48, 49].
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Wwere partitioned for 18S and 12S, and by codon

tion for COI. ModelTest [47] via FindModel was
Ellio
crite

. 1 Locations of field sites (small circles) in Turkey from where Hirudo specime

______________________ WORLD TECHNO
to determine the optimal model of evolution for
gene under the Akaike Information Criterion (AIC;

). The general time reversible (GTR) model with a
ma distributed rate parameter was used for COI,
and 18S. Two analyses were run simultaneously with
arameter sets unlinked by partition for two million
rations each, sampling every 100 generations, with a
-in achieved by <50,000 generations. Setting the
-in to 500,000 generations left a total of 7413 trees
pled for assessment of posterior probabilities. Gaps
treated as missing data, and default settings were
for all other parameters.

lts
imens of Hirudo were collected from multiple loca-
s in Turkey (Fig. 1; Tables 2 and 3). These localities
separated by 1312 km (Uluabat Lake to Kara Lake),
km (Uluabat Lake to Beyaz Cesme Marsh) and

km (Kara Lake to Beyaz Cesme Marsh). Leeches
typically found in muddy bottoms, as well as

erwater and in aquatic/terrestrial vegetation (typic-
reedbeds), with banks of water proving the most
alent habitat.
ecimens were scored for morphological characters
rding to Borda and Siddall [8], Utevsky and
telj [65], Klemm [33], Sawyer [53], Nesemann and
bert [42], Saglam [50] and Govedich et al. [23],
Ttt and Dobson [19] (Additional file 1). By these
ria, 10 leeches were identified as H. verbana, while

ns were collected. See Tables 2 and 3 for geographic coordinates
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Table 2 Collection field sites in Turkey and specimen descriptions. Depositions in the Academy of Natural Sciences, Philadelphia, PA
(ANSP) and Cukurova University Parasitology Museum, Adana, Turkey (CUPM)

Locality Province Designation Catalogue number Type Coordinates Elev.

Hirudo sulukii n. sp.

Kara Lake Adiyaman HS1 CUPM-HIR/2016-1 Para 37°59'35"N
38°48'52"E

1233 m

HS2 CUPM-HIR/2016-2 Para

Sülüklü Lake Gaziantep HS3 CUPM-HIR/2016-3 Para 37°18'12" N
37°14'53"E

877 m

HS4 ANSP G1 19489 Para

HS5 ANSP G1 19488 Holo

Segirkan wetland Batman HS6 CUPM-HIR/2016-4 Para 37°51'46"N
41°01'00"E

525 m

HS7 CUPM-HIR/2016-5 Para

Tabl
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specimens did not match characters described for
known Hirudo species. Specifically, external pig-
tation was unique, along with internal distinctions
e epididymis and vagina (see below).

do sulukii n. sp
d on morphological and genetic criteria, we formally
ose the new species designation, Hirudo sulukii n. sp.
D: urn:lsid:zoobank.org:act:C338A26A-A205-4894-AB
A012293DD25), for leech specimens collected near
aman, Batman and Gaziantep in southeastern Anato-
Tables 2 and 3). The name “sulukii” is derived from
urkish word “sülük” in reference to “leech”. Descrip-
based on holotype (specimen HS5 from Sülüklü Lake,
logue ANSP G1 19488 in the Academy of Natural
nces, Philadelphia, PA, USA). Paratypes deposited in
Academy of Natural Sciences (ANSP G1 19489) and
urova University Parasitology Museum, Adana,
ey (CUPM-HIR/2016-1). Description: adult 64.06 ±
6 mm (27–105 mm) mean long, 6.71 ± 2.61 mm (4–
m) mean wide, mean width of anterior sucker 3.36 ±
mm (2–5.2 mm), mean width of posterior sucker
± 1.33 mm (2–7 mm) (Fig. 2). Dorsum (Figs. 3 and
igmentation variably olive green, two orange parame-
stripes thin, two orange paramarginal stripes broad
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encompassing black, segmentally-arranged united el-
id and elongated spots, dorsal lateral margins of body

of g
ovoi

e 3 Collection field sites in Turkey and specimen descriptions. Depos
P) and Cukurova University Parasitology Museum, Adana, Turkey (CU

ity Province Designation

o verbana

Cesme Marsh Elazig HV

at Lake Bursa HV1, HV2, HV3, HV4,

Lake Samsun HV19, HV20a
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T
yellow stripes encompassing zigzagged black longitu-
l; covered with numerous papillae of body surface;
ground pigmentation of ventral (Figs. 3 and 4b) sur-
light greenish and covered with small number irregu-
ark markings. With classic Hirudo arc eyespot pattern
containing five pairs bilateral eyespots. Eyespots, five
on II, III, IV a1, V a1 and VI a2, forming a parabolic
Fig. 5). Number of annuli per somite: I-II-III: one, IV-
o, VI-VII: three, VIII: four, IX: five (b1, b2, a2, b5,
Gonopores situated in furrow between annuli, sepa-
by five annuli, male pore in the furrow XI b5/b6, fe-
pore in the furrow XII b5/b6. Jaws trignathous,

ostichodont, papillated.
ale reproductive apparatus notably large, with thick
cular penis sheath terminating in a bulbous pros-
located at ganglion in segment XI. Epididymis

ium-sized, spherical, more than twice size of
lescent-sheened ejaculatory bulb, tightly packed
ses of ducting standing upright on either side of the
m. Testisacs ovoid and larger than ovisacs, located
erior to ganglion in segment XIII. Female reproduct-
system relatively coiled tubing. The pearlescent-
ned vagina long and upright, evenly bowed tube
ring directly into ventral body wall. Oviducts a thin
forming several coiled and covered with a thick layer

landular tissue, bi-lobed ovaries. Ovisacs globular
d or small bean seed-shaped (Fig. 6).

itions in the Academy of Natural Sciences, Philadelphia, PA
PM)

Coordinates Elev.

38°59'51"N
39°55'48"E

1225 m

HV5, HV6, HV7 40°10'23"N
28° 37'26"E

4 m

41°34'48"N
36° 04'30"E

0 m

LOGIES_________________________
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Fig. 2 Dorsal (a) and ventral (b) views of Hirudo sulukii n. sp.
Holotype HS5 from Sülüklü Lake, Turkey (catalogue ANSP G1 19488)
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arks
ite similarities between Hirudo sulukii n. sp. and
r Hirudo species, the former can be distinguished
its closest relatives using internal and external fea-

s. Hirudo sulukii n. sp. differs from H. medicinalis
H. orientalis by the form of black spots on the dor-
paramedian stripes of the body. Hirudo sulukii n. sp.
black, segmentally-arranged united ellipsoid and
gated spots, and dorsal lateral margins of body a
of zigzagged black dorsolateral longitudinal stripes
4a). The ventral coloration pattern of H. sulukii n.
as a variable number of irregular spots (Fig. 4b); H.
talis has black, dorsal rounded or quadrangular
s while H. medicinalis has elongated spots. The mar-
l spots of H. medicinalis are fused to form distinct
k stripes. The ventral of H. medicinalis has an ir-
lar dark mesh-like pattern while that of H. orientalis
ore regular, formed by segmentally-arranged pairs of
markings on a predominantly black background.
do verbana has broad, diffuse paramedian stripes
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ge in color. The ventral pattern of H. verbana is
olored greenish to yellow, bounded by a pair of
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k ventrolateral stripes. Hirudo troctina has a pair of
ag-shaped, black ventrolateral longitudinal stripes
. Hechtel and Sawyer [28] considered external pig-
tation to be not only the most useful, but also argu-
the best character to distinguish species of Hirudo.
this study we used the approach of Hechtel and

yer [28] and Utevsky and Trontelj [65] regarding the
of the epididymis in relation to the ejaculatory duct.
epididymes of Hirudo sulukii n. sp. (Fig. 6) and H.
talis are medium-sized. In contrast, the epididymes
. verbana are relatively small, whereas H. troctina
H. medicinalis have massive epididymes [65]. The
na of Hirudo sulukii n. sp. is relatively long tubular
arc formed (Fig. 6), while in H. orientalis the vagina
bular and evenly curved. The former two species do
show the central swelling and sharp folding typical
H. verbana. In H. medicinalis, the vagina can have
conditions: straight and tubular, or terminally
ed [65]. Hirudo troctina has a bulbous vagina [28].
oquin-Tandon [40] described at least five species of
do including H. verbana and H. medicinalis, but later
luded that they were all varieties of the same leech
ies. The medicinal leech, H. sulukii n. sp., considered
was determined to be morphologically different than
ecies described by Moquin-Tandor [40, 41].

ogenetic analyses
determine the relationship of specimens to other
do species, we subjected them to the comparative
ysis of CO1 (cytochrome c oxidase subunit 1) and
rRNA from mitochondria, and nuclear 18S rRNA.
bined COI, 12S and 18S rRNA analysis contained
erminals with 1514 aligned characters. Maximum
lihood of the combined data set yielded five equally
imonious trees with 500–1000 steps (Fig. 7;
itional file 1); concordant trees were generated inde-
ently with COI data (Fig. 8; Additional file 1). Col-
vely, H. sulukii n. sp., formed a basal branch among
pean medicinal leeches with strong bootstrap sup-
, while resolution among H. medicinalis, H. orienta-
nd H. verbana lineages was ambiguous, as noted in
ious studies [45, 56]. Population structure was shal-
among the collected specimens (<2 % divergence at
; Table 4), suggesting recent invasions into field sites
pled in the current study (see Fig. 1). The Asian spe-
H. nipponia, fell outside the Hirudo clade in com-
d sequence analyses (Fig. 7), suggesting a deep
stral split with European species, and calling into
tion the designation of H. nipponia within the Hir-
phylogroup. Interestingly, H. nipponia was equidis-
to European Hirudo species (~22–25 % at CO1),
latter of which were approximately equidistant to

other (i.e., ~10–14 % at CO1; Table 4). Inferring a

rgence rate of ~2 % per million years at the CO1
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s based on combined geological and molecular data
in Oligochaeta [10, 15, 67], we estimate a lower
cene split between lineages leading to H. nipponia
European Hirudo sp., and radiation of the latter
ies during the upper Miocene. Branch patterns of
aining species were consistent with those reported
iously [45].

ussion
imum Likelihood and Baysian Inference analyses
ed trees with concordant topologies and strong sup-
for H. sulukii as a basal branch of the European
icinal leeches. Relationships between H. medicinalis,
erbana and H orientalis were less conclusive, con-
nt with confusion regarding their morphological
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tification [45, 56]. The relatively small size of H.
kii, unique dorsal and ventral pigmentation patterns,

H. m
over

______________________ WORLD TECHNO
internal anatomy (e.g., small and pointed atrium,
ium-sized epididymis, relatively long tubular and arc
ed vagina) are distinguishing features of this previ-
y undescribed leech. Note that H. sulukii has thus
been collected only from relatively high elevation
sites (i.e., Kara Lake-Adiyaman 1233 m, Sülüklü
-Gaziantep 877 m, and Segirkan wetland- Batman
m), and its small size in comparison with other
do species may reflect an adaptation to this environ-
t (e.g., reduced foraging season/food supply), as sug-
ed for other annelid species (e.g., [15]).
eviously, only two medicinal leeches were thought
ccur in Turkey, H. verbana and H. medicinalis, while
tal of five are currently described throughout
sia. The range of H. verbana occurs to the south of

edicinalis in an almost parapatric fashion with little
lap [5, 32, 42, 43, 51]. The former is subdivided into
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astern (southern Ukraine, North Caucasus, Turkey
Uzbekistan) and Western phylogroup (Balkans and
) that do not overlap, suggesting distinct postglacial
nization from separate refugia [61, 64]. Eastern-
t records are from Samarqand Province in
ekistan [61, 64, 65], resulting in an east-to-west
nt of ~4600 km. Leeches supplied by commercial
ities belong to the Eastern phylogroup, originating

so
fa
bo
H
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Wtly from Turkey and the Krasnodar Territory in

ia, two leading areas of leech export.
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. 5 View of anterior-dorsal and eyes of Hirudo sulukii n. sp. e,
s. Based on holotype HS5 from Sülüklü Lake, Turkey (catalogue
P G1 19488)

______________________ WORLD TECHNO
Trudo medicinalis is distributed from Britain and
hern Norway to the southern Urals and probably as
s the Altai Mountains, occupying the deciduous ar-
al zone [6, 12, 16, 21, 22, 31, 43, 51, 52, 59, 63, 68].
do orientalis is associated with mountainous areas
he sub-boreal eremial zone and occurs in Trans-
asian countries, Iran and Central Asia, while H.
ina has been found in northwestern Africa and
n in the Mediterranean zone [64]. Hirudo ver-

and H. medicinalis have recently experienced
e expansions while H. orientalis has remained
raphically isolated within arid and alpine areas of
tral Asia and Transcaucasia [61].
molecular clock inference using divergence esti-
s at the CO1 locus [10, 15, 67], our data suggest a
, ancestral split between European and Asian (i.e.,
lineage leading to H. nipponia) medicinal leeches
ewhere in the lower Miocene, followed by an “explo-
” of Hirudo species upon their putative arrival to the
pean continent during the upper Miocene, 5–10
(Fig. 9). The possible misclassification of H. nippo-
does not affect this evolutionary scenario since it
esents a basal, sister branch to the European Hirudo
ogroup (see Fig. 8). This evolutionary timeline is
orted by tree topologies and relative genetic dis-
e of European Hirudo species to each other at the
locus (i.e., 10–14 % divergence; see Table 4). The
frame of these events suggest the presence of an
habitat corresponding with, for example, formation
evantine land bridges, which may have facilitated
malian-based, passive dispersal of an ancestral Hir-

archetype throughout Europe. Thereafter, tectonic
ity at the onset of the Pliocene ~5.3 mya broke the
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Wbridge between Morocco and Spain causing the
clean Flood that filled the Mediterranean basin, and
ombination with mountain building throughout the

th
st
co
pean continent [7], appears to have restricted pan-
a among extant Hirudo lineages, leading in part to

mou
form

. 7 Maximum Likelihood analysis of a combined COI, 12S and 18S data set (1
do species form a distinct clade with H. sulukii n. sp. as a basal member

______________________ WORLD TECHNO
Tspeciation and current geographic ranges. For in-
ce, concurrent with the closing of the Tethys Sea by
inental drift of the African and Arabian plates,

ntain building events occurred in Southern Turkey
ing the Taurus Mountain chain [13]. At present, the

514 total positions). Bootstrap values are indicated. European
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Table 4 Pairwise distance matrix of Hirudo specimens

1 2 3 4 5 6 7 8 9 10 11 12 13

1 HS1 -

2 HS2 0.0145 -

3 HS5 0.0036 0.0182 -

4 HS6 0.0036 0.0182 0.0036 -

5 HS7 0.0018 0.0163 0.0054 0.0018 -

6 HV3 0.1238 0.1373 0.1240 0.1259 0.1237 -

7 HV19 0.1238 0.1373 0.1240 0.1259 0.1237 0.0018 -

8 HV20a 0.1238 0.1373 0.1240 0.1259 0.1237 0.0018 0.0000 -

9 H. verbana-HQ691223 0.1237 0.1372 0.1238 0.1258 0.1235 0.0072 0.0054 0.0054 -

10 H. medicinalis-EU100093 0.1053 0.1142 0.1054 0.1053 0.1031 0.1059 0.1059 0.1059 0.1101 -

11 H. orientalis-JN104648 0.1153 0.1285 0.1154 0.1153 0.1130 0.0979 0.0979 0.0979 0.1001 0.0875 -

12 H. troctina-JQ364946 0.1220 0.1330 0.1221 0.1220 0.1197 0.1097 0.1097 0.1097 0.1139 0.0957 0.0918 -

13 H. nipponia-AY763153 0.2366 0.2495 0.2363 0.2366 0.2394 0.2342 0.2341 0.2341 0.2393 0.2273 0.2513 0.2202 -

Numbers are divergence values within a 560 bp fragment of the cytochrome c oxidase subunit I (COI) locus

Fig. 8 Maximun Likelihood analysis of COI mtDNA haplotypes (542 total positions). The tree is drawn to scale, with branch lengths measured in
the number of substitutions per site
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Wtolia region has been isolated completely by the
heastern Taurus Mountains [1], likely isolating H.
kii from other European Hirudo populations.
ecies of Hirudo have had broad applications in
icine, ranging from reconstructive surgeries (e.g.,
l, finger reattachment, ear flap) to anticoagulants/
gesics secreted from salivary glands [2, 24]. Thus the
very of a new Hirudo species, particularly a basal
ber of this phylogroup, has considerable value in
ontext of medical potential. Specifically, natural var-
of known bioactive factors (e.g., hirudin, antistasin,
are logical candidates to explore for their poten-
enhanced or novel pharmaceutical properties. The

ent study has prompted a more systematic survey of
do throughout Turkey and surrounding regions
the collective aims of refining the evolutionary his-
of the genus, facilitating conservation efforts, and
tifying species that may expand the repertoire of
icinal applications for this important Hirudinid
s.

clusions
hylogenetic and morphological criteria, specimens
cted from Kara Lake of Adiyaman, Sülüklü Lake of
antep and Segirkan wetland of Batman in Turkey
prise a new species, Hirudo sulukii. Geographic isola-
by the Taurus Mountain chain has likely contained H.
kii within the regional sampling area. By ML and BI

de
ni
id
M
flo
re
th
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We
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Su
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DN
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Th

lihood and Baysian phylogenies
yses, H. sulukii n. sp. forms a basal evolutionary
ch of Eurasian medicinal leeches, preceded by a

Endn
Not a

______________________ WORLD TECHNO
Ter ancestral split with the Asian medicinal leech. H.
onia. Phylogeographic interpretations of the genus
tify a European Hirudo “explosion” during the upper
cene followed by geological events (e.g., Zanclean
, mountain building) that likely contributed to range
ictions and regional speciation of extant members of
uropean clade.
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x-specific patterns in body mass and mating

stem in the Siberian flying squirrel

Selonen1*, Ralf Wistbacka2 and Andrea Santangeli3

stract

ckground: Reproductive strategies and evolutionary pressures differ between males and females. This often results
size differences between the sexes, and also in sex-specific seasonal variation in body mass. Seasonal variation in
dy mass is also affected by other factors, such as weather. Studies on sex-specific body mass patterns may
ntribute to better understand the mating system of a species. Here we quantify patterns underlying sex-specific
dy mass variation using a long-term dataset on body mass in the Siberian flying squirrel, Pteromys volans.

sults: We show that female flying squirrels were larger than males based on body mass and other body measures.
les had lowest body mass after the breeding season, whereas female body mass was more constant between
sons, when the pregnancy period was excluded. Male body mass did not increase before the mating season,
spite the general pattern that males with higher body mass are usually dominant in squirrel species. Seasonal body
ss variation was linked to weather factors, but this relationship was not straightforward to interpret, and did not
arly affect the trend in body mass observed over the 22 years of study.

nclusions: Our study supports the view that arboreal squirrels often deviate from the general pattern found in
mmals for larger males than females. The mating system seems to be the main driver of sex-specific seasonal body
ss variation in flying squirrels, and conflicting selective pressure may occur for males to have low body mass to
WT
ilitate gliding versus high body mass to facilitate dominance.
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kground
oductive strategies and evolutionary pressures differ
een sexes and often lead to sex differences in body
in body mass as well as in bone measurements
]. The same factors may also lead to sex-specific
onal variation in body mass, depending on energy
nditure and condition of individuals [4, 5]. Studies
sex-specific seasonal patterns of body mass are
ively scarce [6–9], but may contribute to under-
d the mating system of a species.
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mammals, lactation is one of the main factors con-
ting to the seasonal difference in energy expenditure
een sexes. In addition, the levels of intra-sexual com-
ion during the breeding season typically differ between
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petition mating system, Female defence

s, depending on the mating system of a species
10–13]. An interesting mating system to study
-sexual patterns in body mass is the so called
ble competition mating system [14]. This mating sys-
has been frequently reported for insects [15], but is
ly studied in mammals, although it may occur, for ex-
le, in arboreal squirrels (subfamily Sciurinae; [16, 17]).
scramble competition mating system, females are soli-
and males move to visit different females which may
n oestrus during different days. Within this context,
tion may favour males that are effective in locating
le territories scattered across the landscape [16, 18].
ating system and sexual selection are, however, not
nly factors shaping differences in body mass between

s [19]. For example, the seasonality of resource avail-
ty (such as food) and weather conditions (e.g. harsh
er periods) may also affect body mass difference
een sexes beyond the more commonly recognised
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t of reproductive strategies [20, 21]. Consequently,
ate change can have sex-specific effects on body
s [22], potentially creating temporal changes also in
al body mass dimorphism of the species.
this study, we broadly aim to quantify patterns
rlying sex-specific body mass variation between and
in years in the Siberian flying squirrel, Pteromys volans
naeus, 1758) in Central-Western Finland. We used
-term datasets on body mass of individuals spanning
ears and also a short-term dataset on body measure-
ts. In flying squirrels, the locomotor system of gliding
y places a unique set of selective forces related to body
s in this group [23, 24]. Female flying squirrels live in
tion and males need to rapidly move between females
ng the mating season [17]. In addition, Siberian flying
rrels, like tree squirrels [25], perform mating chases,
reby a few males glide and run one after another from
to tree following a female [26]. These behaviours may
ote high movement abilities of males in competition
each other, and may favour fast gliders with low body
s. However, within the mating system of tree and flying
rrels, the defence of females by large dominant males
promote high body mass necessary for dominating
ng opportunities and prevent smaller subdominant
s from reproducing [17, 25, 27]. Earlier studies
cate that flying squirrels may have female-biased
al dimorphism, with females being larger than males
d on body mass [17] and body measurements of few
eum specimens [28]. However, these studies are based
limited number of individuals. In addition, the links
een the mating system and the seasonal variation in
mass are still poorly understood in squirrels. For
ple, conflicting pressures between a defence mating
m and a scramble competition mating system [16, 18]
affect seasonal variation in body mass in male flying
rrels. In addition, seasonal sexual dimorphism in body
s may be related to different seasonal patterns in
gy expenditure between the sexes.
e predict (i) that seasonal patterns in body mass
rlie the specific mating system: if males have highest
mass before the breeding season and lowest body

s after the breeding season, then the female defense
ng systems is dominant in this species [2, 9]. Instead, if
cramble competition mating system is operative, then
redict that males should not have the highest body
s before the mating season in order to be fast in mating
es and in locating females. We also predict (ii), against
eneral pattern in mammal species, that in flying squir-
the females will have a larger body mass (measured
ide of the breeding season) and other body measure-
ts than males. Finally, we predict (iii) that weather con-
ns affect seasonal variation in body mass. Spring
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ts on body mass, has significantly warmed in Finland
ng our study period [29, 30]. Thus, climate change has
potential to affect the 22 year trend in body mass of
wo sexes in flying squirrels.

hods
y species
Siberian flying squirrel is a nocturnal arboreal rodent
h nests in tree cavities, nest-boxes and dreys (twig
s) in spruce-dominated boreal forests. Flying squirrels
on deciduous trees within spruce-dominated forests.
mating season starts in mid-March and the first litter
rn in late April [26]. Females can sometimes have a
nd litter which is born in late June. Females are terri-
l and live in non-overlapping home ranges (on average
in size), whereas males have much larger home ranges
age size of 60 ha) that can overlap with several other
and female home ranges [17]. The movement activity
ales increases during the mating season when males
ely move between territories of different females.
ales come into oestrus, albeit not synchronously,
in a short period starting from mid-March [17, 26].

y areas and data collection
study was carried out in two areas: Luoto (63°49’N,
9’E) and Vaasa (63°3’N, 22°41’E). In Luoto, flying
rrels were studied between 1993 and 2014 within an
of 44 km2. The main land-uses in Luoto are shoreline
ce-dominated mixed forests, clear-cuts, and cultivated
s pine plantations. The Vaasa study area is located
t 90 km southwest of Luoto. The marking of flying
rrels started in 1992 in Vaasa within an area of 4 km2,
the year 2000, the area was expanded to cover
m2. Vaasa is covered by spruce-dominated forest
hes, clear-cuts, and agricultural fields (for more infor-
on see [31, 32]).
e studied populations bred in nest-boxes. Nest-boxes
placed in forest patches of various sizes in groups of 2
nest-boxes per site, on average 2 nest-boxes per mature
ce forest hectare. The nest-boxes were made from a
e of aspen or spruce trunk, so that they resembled
ral cavities. No known differences are apparent in
viour or reproductive output, e.g. in number of off-
g produced or communal nesting patterns, between
iduals living in nest-boxes and those living in dreys
atural cavities (unpublished data; [32]), nor are we
e of significant differences in predator communities
een sites. The nest-boxes have an entrance-hole
eter of 4.5 cm. This diameter is the same of that of
ntrance of cavities made by the Great spotted wood-
er, Dendrocopus major, which represent the most
mon natural nesting site for flying squirrels in our

y area. This size of the entrance-hole prevents main
ators (e.g. the pine marten, Martes martes, and also
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owls) from entering the nest-box. The same size of
ntrance-hole, as well as the cavity size, between nest
s and natural cavities makes the former readily
pted by flying squirrels for breeding and resting.
total 489 male and 562 female flying squirrels were
ured by hand from nest-boxes, sexed, weighed,
marked with ear-tags (Hauptner 73850, Hauptner,
any). The main nest-box checking session was in

, and sites found occupied were checked again in
ust. In addition, in the years 1992–2003 part of
nest boxes were checked also between September
March, but for the following years there were only
adic observations during these months. In total
e were 1812 observations in June and August and
observations for October-March (for the 1051
ied individuals). The same observer (R. Wistbacka)
responsible for measurements taken in Luoto study
and also in Vaasa after 2001. Before 2001, weighing
aasa was made by R. Wistbacka and A. Mäkelä. The
e weighing scale type was used (Pesola) and the scale
calibrated with a similar scale used in another flying
rrel population [33]. Thus, biases due to observer
r between study areas were reduced.
e knew the age of 182 out of 489 males and 239 out
62 females, because those individuals had been pre-
sly captured and marked as juveniles. Recapturing
ability of individuals was high, above 0.8 for females
0.7 for males [31], and we can conclude that new
arked adult individuals located within our study
were very likely new recruits to our study system.
uits arrive during the natal dispersal period, typically
entrated in September, whereas breeding dispersal is
in flying squirrels [34, 35]. In other words, within our
y areas the likelihood of an unmarked adult individual
eing 1 year old is very high ([31], unpublished data).
used age based on this assumption in our models,
use it was better aiming to control for the possible
t of age than leaving age out of the analyses (the
e approach was used by [16]). The results for age
similar when only individuals captured as juveniles
used (Additional file 1: Figure S1).
male body mass is affected by pregnancy between
start of mating season in mid-March and the birth
mmer litters. Based on our data, second litters are
by mid-July at the latest. Thus, for the analysis of

effect of age and year on body mass, we excluded
le observations recorded between 15 March and
of July. Nevertheless, the energy expenditure during
reeding season may have carry over impacts on body
s of females still in August.
r analysing sexual dimorphism in size, in addition to
mass, we measured skull length of 72 individuals,
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r length of 60 individuals, and tail length of 56 indi-
als, all adults, during June 2014 and 2015 (the same
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iduals were used for measurements of skull, femur
tail, but femur and tail length were missing for some
iduals). All these measurements were taken by the
e observer (A. Santangeli) to avoid observer-induced
surement bias.

ther variables
used weather information from the weather station
ntained by the Finnish Meteorological Institute)
est to each study area. For Vaasa, the closest weather
on was located within our study area, and for Luoto it
10 km southeast of the study area. Weather recording
ons were at the same altitude as the study areas. We
monthly average temperature and precipitation indi-
etween December and June. Early winter weather was
aged for December and January, late winter was
uary and March. Spring season was represented by
l and May, and June described the summer weather.
the spring weather, we also used the starting date of the
growing season. Temperatures consistently above +5 °C
ate the beginning of tree growing season (Finnish
eorological Institute; http://en.ilmatieteenlaitos.fi/
ons-in-finland), and have also been shown to cor-
e with birch bud burst in Finland [36].

stical analyses
els on sexual differences in body measurements
first built three generalized linear mixed models
MM) using as a response the skull, femur and tail
th (n = 56–72). Because the main rationale for these
els was to quantify sex differences in the abovemen-
ed three measurements, we used sex as a categorical
ictor, and territory identity nested within year in the
om part to account for multiple observations from
rent individuals in the same territory (e.g. measure-
ts of male and female from the same territory). We
used all observations where body mass was measured
695) during the months from January to March, and
August to November to explore sex differences in
mass. Thus we excluded the months when females
pregnant in order to make the comparison in body

s between the two sexes. Additionally, we fit a GLMM
similar structure as those explained above, but now
with age and month controlled for in the model.

els on seasonal and weather effects on body mass
used GLMMs to investigate the relationship between
mass of flying squirrels (separately for sex and for

seasons, see below) in relation to environmental, life-
ry and temporal predictors. Specifically, we ran four
Ms using in turn the body mass of adult females or
s separately within two different seasons (winter and

mer) as the response variable. Here we considered as
er all measurements of body weight collected between
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ary and March from males and females (n = 120 and
espectively), and as summer the measurements col-
d between June and November for males (n = 804),
between August and November for females (n = 284).
excluded female measurements collected in June from
nalyses as these are affected by the breeding state
gnancy). We run separate sex-specific models for the
er and summer season because data for the winter
on were only collected up to the year 2003, whereas
e from the summer period spanned until the year
(see above).
each of the four models, we included the individual
tity nested within the study area (Luoto or Vaasa) in
random part of the model to account for pseudo-
cation (i.e. multiple measurements collected on the
e individual in the same study area over the years).
then included, in each of the four models, the
th when body mass was measured (as a categorical
ble), the age of the individual and the year (both as
inuous variables). Finally, for the winter models we
included as predictors the average temperature and
age precipitation during December and January, and
the summer models, the average temperature and
ipitation in December and January combined,
uary and March combined, as well as average
perature and precipitation in May, April and June
rately. In the summer models we also included the
ing date of the tree growth season, with the ra-
ale that an early start of the growth season would
lt in higher body mass later in the summer. We
tested the effect of age squared (to fit non-linear
ds) by including this variable in each full model,
removing it if non-significant. We assessed the
ificance of each level combination within the cat-
ical variables (e.g. between body mass in January
February within the month variable) by means of
-hoc comparisons adjusted for multiple testing
g the Tukey method.
fore fitting the models we checked for collinearity
g variance inflation factor (VIF) analyses. All vari-
s had a VIF value lower than 2.5, indicating low col-
rity levels and no need for excluding any of them
the models. We then built the four full models (i.e.

ones with all candidate predictor variables), one for
sex-class and season combination (see above). Next
pplied model selection based on the Akaike’s infor-
on criterion (AIC), followed by multi-model infer-
and averaging [37] using the MuMin package in R

. We derived averaged model coefficients and p-
es for each variable from across the set of best
ed models (i.e. with ΔAIC < 4; listed in Additional
: Table S1).
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of March), i.e. before the start of the mating season.
model was similar to the above models for body

s of males and females, but month was replaced with
day of the year so that 1st January got a value of 0
15th of March a value of 105. For this latter analysis
id not have repeated measurements from the same
idual, therefore there was no need to include the in-
ual identity as a random effect, whereas study area
included as a class variable.
l analyses were performed in R software v. 3.0.3 [39].

lts
al differences in body measurements
ales body mass was on average 12 g higher than
of males (using data from the 22 years study

od: t = -14.61, p < 0.001). Moreover, based on data
the years 2014 and 2015 only, females appear to
longer femur than males (t = -3.10, p = 0.01), whereas
l (t = 0.30, p = 0.77) and tail length (t = -1.32, p = 0.22)
similar between the two sexes (Fig. 1).

onal and weather effects on body mass
found considerable model uncertainty when running
ossible combinations of body mass sub-models for
four separate analyses (see Additional file 1 for the
f 10 best supported models for males and females).
underscores the need for multi-model averaging,
which results are shown below.
dy mass of adult flying squirrels did not vary signifi-
ly between the different winter months (Fig. 2) and
e was no change in body mass over the period pre-
ng the start of the mating season for male or female
g squirrels. This was tested with the correlation
een date, from January to mid-March, and body
s: males: n = 104, F1, 95.6 = 0.35, p = 0.55; females: n =
F1, 21.5 = 0.81, p = 0.38. However, we show that male
mass declined after the breeding season, amounting

bout 10 % loss of weight from the winter body mass
2). This decline was observable right after the start of
mating season as the pattern seems clear already in
l (i.e. the decline from March to April was on average
from the raw data, n = 32 measurements in April).
versely, the body mass of females did not vary
een seasons and summer months (Fig. 2).
r both sexes, low temperatures in late winter, as well
e early start of the tree growth season, resulted in
ased body mass during the following summer season
3, Table 1). Moreover, for male flying squirrels higher
erature in spring was associated to lower body mass
mmer, whereas increased rain in June was related to
r body mass of females. Winter body mass was not
ed to any weather variable (Tables 1 and 2). The only

ificant temporal trend observed over the years of study
an increasing trend in female weight measured in

LOGIES_________________________
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Fig. 1 Predicted mean values (and standard errors) for weight, femur,
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er. Moreover, body mass increased with age in both
s (Tables 1 and 2).

ussion
did not observe changes in male body mass before
breeding season. This was against our prediction for
female defence mating system. The only observable
onal pattern we found was a decrease in male body
s after the breeding season. As we predicted, female
g squirrels were larger than males, but there were
etectable seasonal variation in female body mass out-
of the pregnancy period. Unexpectedly, cold winter
cold spring conditions were linked to an increase in
mass of males and females in the following summer.
only temporal trend observed over the 22 year study
d was a slight increase in winter body mass of females.
s, no measurable temporal trends that might be related
xual-size dimorphism were detected.
e observed female-biased sexual size dimorphism in
Siberian flying squirrels of this study is consistent
patterns observed for the southern flying squirrel
comys volans [24]. In our study, the female-biased
mass was largest after the breeding season, because
le body mass did not vary much within the year
side of the pregnancy period). Similar observations
stable female body mass between seasons have been
d for North American red squirrels [40]. We observed
difference in skull size between sexes. Conversely,
r length was longer in females than in males. The ex-
ation for this may be the need for females to secure
ng potential when pregnant, and, thus, increase the
foil area compared to males [23]. For example, it is
n that for flying mammals (i.e. bats) pregnancy re-
ts the ability to move [41]. Larger female body mass,
mpared to that of males in flying squirrels may be re-
to reproductive benefits from large size due to the

toriality of females ([17, 24], see also [42]). Alterna-
y, it may also be due to the benefits for males to be
ller and thus more vagile within a scramble competi-
mating system.
e predicted changes in male body mass before the
of the mating season, but did not find any indica-
for these changes, within winter or between autumn
winter. Thus, there was no clear pattern in male
mass that would support the female defence mating
m. For example in North American red squirrels [40]

icts significant differences between sexes
grey-headed flying-foxes, Pteropus poliocephalus [9],
mass of males increased before the start of the
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Fig. 2 Male and female body mass (least square means and standard errors) for each month from the winter model (1 January to 3 March) and
for the summer model (6 June to 11 November). For females, June was omitted because they may still be pregnant in June. Lines above the bars
join months for which body mass was significantly different after post-hoc testing (adjusted for multiple testing using the Tukey method). For females,
there were no significant differences in body mass between the months of the winter season and between the months of the summer season
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ng season and declined rapidly then after. However, it
own that in the Siberian flying squirrel the male
mass is positively related to reproductive success

. Thus, some aspects of the female defence mating
m may be operative in flying squirrels, as is the
for tree squirrels [25, 27]. However, the stable body
s of males during winter seems to fit the hypothesis
extra weight just before breeding may not enhance
movement to locate females. This fits the scramble
petition mating system. Perhaps in the case of the
rian flying squirrel, the selective forces for increased

by
H
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th
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ng potential versus dominance (i.e. low versus high body
, respectively) at some level cancel each other out.
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dy mass before the mating season is likely affected
nvironmental factors during the preceding winter.
ever, food availability for flying squirrels during the
er months is relatively stable, since the main winter
, catkins of deciduous trees, develop already during
autumn and persist on the trees during winter. In
r words, food availability does not vary within the
er season [30]. Only after bud burst in spring do
g squirrels start consuming leaf material, but this
ter the start of the mating season (from mid-May
ards in our study area). In addition, we did not

any weather variable to have an effect on body
s in winter, which is in line with a previous study
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Fig. 3 Decrease in summer body mass of a) male and b) female flying squirrels with the increase in average temperature during the preceding winter
(February and March). c Change in summer body mass of female flying squirrels in relation to the onset of tree growth season. d Trend in winter body
mass of female flying squirrels over the years of study. Dots depict predicted values from the full model, with fitted lines and confidence intervals
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re no effect of winter temperature on communal
ing behaviour of flying squirrels was found [32].
rprisingly, male body mass did not increase during
mer, from June to August, although the breeding
on for male flying squirrels ends already in the
g after they have fertilised the females. Males had
lower body mass in August than in June. Instead,
ome other species male mass is observed to decline
ly during the mating season, but also increased
ly during the summer [8, 43, 44]. In August, male
g squirrels frequently move between forest patches
pied by different females [45], perhaps to increase
l links with new females which might affect future
oductive success. This may increase the energy ex-
iture of male flying squirrels and explain the decline
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ody mass observed during the late summer months.
eover, another possible explanation for the observed
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thly variation in body mass might also relate to the
available to flying squirrels in the different periods,
use in early summer flying squirrels eat mainly
s [46]. However, food would affect body mass in
sexes. In addition, whether the nutritional value of
s differs from that of catkins for flying squirrels is
unknown. In any case, food obviously is related to
rved increase in male body mass from August to
ber, as squirrels likely prepare for winter by increasing
mass in late autumn.
dy mass increased with the age of Siberian flying
rrels in both sexes, which is in line with earlier studies
rting body mass increases with age in adult squirrels
27, 47]. It should be noted that our analysis did not
rate mortality and individual growth curves and is not

ble for determining growth patterns related to senes-
e [48, 49]. Nevertheless, age, body mass, dominance
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Table 1 Generalized Linear Mixed Model results for adult male
body mass measurements

Variable Estimate SE Z value p-value

a) (Intercept) 11,29 414,58 0,03 0,978

Age 3,01 0,59 4,89 <0,001

T_DecJan 0,27 0,32 0,81 0,419

Year 0,24 0,34 0,66 0,507

R_DecJan −0,04 0,07 0,54 0,592

b) (Intercept) 137,35 54,18 2,53 0,011

Age 0,80 0,22 3,70 <0,001

R_June −0,02 0,01 1,72 0,086

SGS −0,12 0,05 2,43 0,015

T_April −0,76 0,27 2,81 0,005

T_DecJan −0,16 0,09 1,77 0,076

T_FebMar −0,38 0,11 3,54 <0,001

T_May −0,58 0,20 2,90 0,004

R_DecJan 0,02 0,02 1,11 0,267

R_May −0,01 0,01 1,00 0,318

R_FebMar −0,02 0,02 0,89 0,376

R_April 0,01 0,02 0,68 0,498

T_June −0,10 0,19 0,52 0,605

Year 0,02 0,07 0,33 0,745

a) Winter (years 1992–2003) and b) summer (years 1992–2014). Statistics show
the model averaged results from across the best supported models (listed in
Additional file 1: Table S1). T depicts Temperature, R precipitation, DecJan the
months of December and January combined, FebMar is February and March
comb
variab
was s

Table 2 Generalized Linear Mixed Model results for adult
female body mass measurements

Variable Estimate SE Z value p-value

a) (Intercept) −1448,00 1212,00 1,19 0,235

Age 14,30 3,49 3,90 <0,001

age*age −1,48 0,47 3,03 0,002

Year 1,03 0,48 2,06 0,039

T_DecJan −1,02 0,55 1,79 0,074

R_DecJan 0,01 0,10 0,12 0,902

b) (Intercept) 83,69 173,40 0,48 0,631

Age 3,97 0,65 6,04 <0,001

R_June −0,07 0,03 2,22 0,027

SGS −0,23 0,10 2,23 0,026

T_FebMar −0,69 0,26 2,56 0,010

R_DecJan 0,05 0,05 1,01 0,311

R_April 0,05 0,05 0,98 0,329

T_May −0,43 0,50 0,85 0,398

Year 0,14 0,14 0,96 0,335

T_April 0,87 0,76 1,13 0,260

R_FebMar −0,03 0,06 0,43 0,671

T_June 0,18 0,47 0,38 0,703

T_DecJan −0,14 0,28 0,50 0,620

R_May 0,00 0,03 0,00 0,998

a) Winter (years 1992–2003) and b) summer (years 1992–2014). Statistics show
the model averaged results from across the best supported models (listed in
Additional file 1: Table S2). T depicts Temperature, R precipitation, DecJan the

nths of December and January combined, FebMar is February and March
bined. SGS indicates the start of the growth season of trees. Significant

iab
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archies and reproductive success are linked in
rrels, as older individuals are usually heavier, higher
ominance hierarchy, and consequently have increased
oductive success [17, 25, 47].
r results do not suggest any impact of climatic
ds on body mass dimorphism in flying squirrels. The
temporal pattern observed during our study period
a slight increase in female body mass during winter.
temporal data for winter months was limited (winter
mass data ended in year 2003) and it remains un-
what process is behind the observed temporal trend,
use winter body mass was not linked to winter tem-
tures. In addition, the observed trend was against the
ctation that climate warming would result in smaller
size ([50, 51]; but see [52]). The increasing trend in
spring temperatures over our study period ([29], for

e detailed analysis on weather changes in our study
, see [30]) indicates potential for temporal changes in
al dimorphism in body mass. However this was not
case, as we did not observe any trends in summer
mass of males or females.
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ined. SGS indicates the start of the growth season of trees. Significant
les are highlighted in bold font. Results for the month variable (which
et as categorical) are omitted here and are shown in Fig. 2

mo
com
var
eather in winter had unexpected effects on summer
mass of flying squirrels. The summer body mass of

body
abili
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sexes increased when the preceding winter and
g seasons were colder. The reasons for this pattern
in unknown, but a possible explanation could be that
weather at the beginning and during the breeding

n may increase the intensity of mating season and re-
in high energy expenditure and low body mass after a
essful reproduction. Lower body mass in summer was
associated with delayed tree growth in spring. This cor-
ion might indicate a poor food situation in the late
g, because after the flowering of catkins in early spring
s represent the main food for flying squirrels. Late start
e tree growing season indicates delay in leave growth.
also found a negative correlation between increased
in June and female body mass in August, which may
ate that rainy conditions in summer have negative im-
s on female body mass. In earlier studies, weather has
observed to affect timing of reproduction and repro-
ive success in Siberian flying squirrels [30] and red
rrels [53, 54]. In addition, for example in ungulates,

les are highlighted in bold font
mass interacts strongly with weather and food avail-
ty in spring and summer [55, 56].
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clusions
study supports the general view that tree and flying
rrels often deviate from the general pattern in mam-
for males being larger than females [24, 57, 58]. Sea-
l body mass patterns of male flying squirrels support
ypothesis that competition during the breeding season
e main driver of seasonal body mass variation in males.
ad, female body mass was more constant between sea-
, when the effects of pregnancy are not considered.
ever, we also suggest that, in the case of Siberian flying
rrels, competing forces may play a role in selecting for
size that would represent an optimal balance between
gliding (i.e. low body mass) and dominant (i.e. high
mass), with these competing pressures potentially
ing some of the seasonal variation (before breeding
n) in male body mass. However, verifying this hypoth-
would require further studies. Our results also support
iew that the effects of temperature on body mass may
omplex and in correlative studies not necessarily
ghtforward to interpret [52]. Nevertheless, no indi-
n that climate change had affected sexual body
s dimorphism was detected.

itional file

itional file 1: Table S1. The best ranked models explaining body
s of male Siberian flying squirrels measured in summer and winter
er and lower panel respectively). Columns show the variables
ded in each model (see main text for an explanation of the variable
es), the degrees of freedom of each model, the Akaike value
ected for small sample size (AICc) and the difference in AIC between
ranked and the target model (ΔAICc) as well as the AIC weight of
model. List is restricted to 10 best ranked models. Table S2. The
ranked models explaining body mass of female Siberian flying

irrels measured in summer and winter (upper and lower panel
ectively). Columns show the variables included in each model (see
n text for an explanation of the variable names), the degrees of
dom of each model, the Akaike value corrected for small sample size
c) and the difference in AIC between best ranked and the target
el (ΔAICc) as well as the AIC weight of each model. List is restricted
0 best ranked models. Figure S1. Male and female body mass (least
re means and standard errors) for each month from the winter model (1
ary to 3 March) and for the summer model (6 June to 11 November).
observations where the exact age was known have been used for this
orting analysis (see methods). For females, June was omitted because
may still be pregnant in June. Lines above the bars join months for
h body mass was significantly different after post-hoc testing (adjusted
ultiple testing using the Tukey method). For females, there were

ignificant differences in body mass between the months of the winter
on and between the months of the summer season. (DOCX 127 kb)
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murFaceID: a face recognition system to 

cilitate individual identification of lemurs
WT
id Crouse1,7†, Rachel L. Jacobs2*†, Zach Richardson1, Scott Klum1,8, Anil Jain1*, Andrea L. Baden3,4,5

Stacey R. Tecot6

stract

ckground: Long-term research of known individuals is critical for understanding the demographic and
lutionary processes that influence natural populations. Current methods for individual identification of many
imals include capture and tagging techniques and/or researcher knowledge of natural variation in individual
enotypes. These methods can be costly, time-consuming, and may be impractical for larger-scale, population-
el studies. Accordingly, for many animal lineages, long-term research projects are often limited to only a few
a. Lemurs, a mammalian lineage endemic to Madagascar, are no exception. Long-term data needed to address
lutionary questions are lacking for many species. This is, at least in part, due to difficulties collecting consistent
ta on known individuals over long periods of time. Here, we present a new method for individual identification
lemurs (LemurFaceID). LemurFaceID is a computer-assisted facial recognition system that can be used to identify
ividual lemurs based on photographs.

sults: LemurFaceID was developed using patch-wise Multiscale Local Binary Pattern features and modified facial
age normalization techniques to reduce the effects of facial hair and variation in ambient lighting on identification. We
ined and tested our system using images from wild red-bellied lemurs (Eulemur rubriventer) collected in Ranomafana
tional Park, Madagascar. Across 100 trials, with different partitions of training and test sets, we demonstrate that the
urFaceID can achieve 98.7% ± 1.81% accuracy (using 2-query image fusion) in correctly identifying individual lemurs.

nclusions: Our results suggest that human facial recognition techniques can be modified for identification of
ividual lemurs based on variation in facial patterns. LemurFaceID was able to identify individual lemurs based on
otographs of wild individuals with a relatively high degree of accuracy. This technology would remove many

itations of traditional methods for individual identification. Once optimized, our system can facilitate long-term
e,

, L

d

earch of known individuals by providing a rapid, cost-effectiv

ywords: Animal biometrics, Conservation, Eulemur rubriventer
ary pattern, Pelage, Photograph, Primate

kground stu

t research on the behavior and ecology of wild animal
lations requires that study subjects are individually
gnizable. Individual identification is necessary to en-
unbiased data collection and to account for individual
tion in the variables of interest. For short-term
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and accurate method for individual identification.

inear discriminant analysis, Mammal, Multiscale local

ies, researchers may rely on unique methods for iden-
tion based on conspicuous natural variation among
iduals at the time of data collection, such as differ-
s in body size and shape or the presence of injuries
scars. These methods may or may not allow for iden-
tion of individuals at later dates in time. To address
y evolutionary questions, however, it is necessary to
ct data on known individuals over long periods of

[1]. Indeed, longitudinal studies are essential for

acterizing life history parameters, trait heritability,
fitness effects (reviewed in [1]). Consequently, they
nvaluable for identifying the demographic and evolu-
ry processes influencing wild animal populations [1].
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fortunately, longitudinal monitoring can be challen-
, particularly for long-lived species. One of the pri-
y challenges researchers face is establishing methods
individual identification that allow multiple re-
chers to collect consistent and accurate demographic
behavioral data over long periods of time (in some
s several decades). Current methods for individual
tification often involve either capturing and tagging
als with unique identifiers, such as combinations of
red collars and/or tags [2–5], or taking advantage of
ral variation in populations (e.g., scars, skin and pel-
patterns) and relying on researchers’ knowledge of in-
ual differences [6–9]. The former method (or a
bination of the two methods) has been used in some
e best established long-term field studies, such as the
ilda Soay Sheep and Isle of Rum Red Deer Projects
], as well as the Wytham Tit and Galápagos Finch
ects [4, 5]. Because they have long-term (multi-gener-
) data on known individuals, these projects have con-
ted substantially to the field of evolutionary biology
ocumenting how and why populations change over
(e.g., [10–13]).
ilar methods involving capturing and collaring
been used in many longitudinal studies of wild pri-
s, such as owl monkeys [14], titi monkeys [15],
bines [16], and in particular, many Malagasy lemurs
20]. Through the long-term monitoring of individ-
, many of these studies have provided important data
ongevity, lifetime reproductive success, and dispersal
rns [15, 17, 18, 20–23].
spite its utility for many longitudinal studies, the
ing process might sometimes be inappropriate or
rwise impractical. Tagging often requires that study
ects be captured via mist netting or in nest boxes
birds) [4, 5], trapping (e.g., Sherman traps or corrals
ome mammals) [2, 3, 24], and, in the case of some
r mammals, including many primates, darting via
gun or air rifle [10, 25–27]. Capturing has several

ntages, such as enabling data to be collected that
ld otherwise be impossible (e.g., blood samples, ec-
rasites), but it can also be expensive, often making it
asible for studies with large sample sizes and/or
e conducted over large spatial and temporal scales.
hermore, capturing and tagging may pose additional
to already threatened species. For example, such
ods have been shown in some cases to cause acute
iological stress responses [16], tissue damage [28]
injury (e.g., broken bones, paralysis) [29], as well as
pt group dynamics, and pose risks to reproduction,
th, and even life [29–32].
alternative method for individual identification re-

on researcher knowledge of variation in individual
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methods have been successfully used in long-term
ies of elephants, great apes, and baboons (among
rs) and have provided similarly rich long-term data-
that have been used to address demographic and
utionary questions [6–9]. However, this method is
e vulnerable to intra- and inter-observer error and
can require substantial training. Moreover, for re-

ch sites involving multiple short-term studies in
h researchers may use different methods for individ-
identification, it can be difficult to integrate data
. Additionally, long-term research is often hindered
isruptions to data collection (e.g., between studies,
to lack of research funds, political instability [1]).
se breaks can result in lapses of time during which
one is present to document potential changes to
p compositions and individual appearances, which
also complicate integrating data collected at differ-
ime points.
der such circumstances, projects would benefit
a database of individual identifications, as well as a
method for identifying individuals that requires lit-

raining and can be used across different field seasons
researchers. The field of animal biometrics offers
e solutions [34]. For example, some methods that
shown promise in mammalian (among other) re-

ch, including studies of cryptic animals, combine
ography with computer-assisted individual identifi-
n programs to facilitate long-term systematic data
ction (e.g., cheetahs: [35]; tigers: [36]; giraffes: [37];
as: [38]). These methods use quantifiable aspects of
arances to identify individuals based on probable
hes in the system [34]. Because assignments are
d on objective measures, these methods can
imize intra- and inter-observer error and facilitate
rating data collected across different studies [34].
he same time, in study populations with large sample
, researchers might be limited in the number of in-
uals known on-hand. Computer-assisted programs
facilitate processing data to rapidly identify individ-
when datasets are large, which reduces the limita-
s on sample size/scale imposed by the previous
ods [34].
spite their potential utility, such methods have not
incorporated in most studies of wild primates, and,

icularly in the case of wild lemur populations, even
several drawbacks, capture and collar methods re-
common [17–20]. As a result, multi-generation

ies of lemur populations that incorporate individual
tification are limited.
re we present a method in development for non-
sive individual identification of wild lemurs that can
mitigate some of the disadvantages associated with

r methods, while also facilitating long-term research
le 1). Our system, called LemurFaceID, utilizes
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Table 1 Individual identification methods

Method Advantages Disadvantages

Tagging/Collaring Systematic across studies; opportunities to collect data that
require animal to be in hand; precise location of animal
known at all times (using GPS collar)

Invasive; poses risks to animals; expensive; less feasible for
studies requiring large sample sizes; individual IDs may be
unknown with loss of tag/collar

Manual
identification based
on physical variation

Non-invasive, low cost Substantial training required; IDs may differ across studies/
researchers; prone to intra- and inter-observer error; time-
consuming for large sample sizes when individuals are not
recognized instantly (e.g., manual comparisons of photographs
are required)

Face recognition Systematic across studies; non-invasive; minimal user training;
reduces time to make identifications when datasets are large

Requires large dataset for development; currently requires
partial knowledge of individual IDs; individual IDs may be

Fig
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puter facial recognition methods, developed by the
ors specifically for lemur faces, to identify individual
rs based on photographs collected in wild popula-
s [39].
cial recognition technology has made great strides
s ability to successfully identify humans [40], but this
ct of computer vision has much untapped potential.
al recognition technology has only recently ex-
ed beyond human applications. While there has
limited work with non-human primates [41, 42], to
knowledge, facial recognition technology has not
applied to any of the >100 lemur species. However,
y lemurs possess unique facial features, such as
pelage patterns, that make them appropriate candi-

ru
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allowing for increased sample size/scale
Ws for applying modified techniques developed for
an facial recognition (Fig. 1).

mak
taile

. 1 Examples of different lemur species. Photos by David Crouse (Varecia rubra,
hel Jacobs (Eulemur rufifrons in Ranomafana National Park), and Stacey Tecot (Ha
ithecus deckenii in Tsingy de Bemaraha National Park; Indri indri in Andasibe Nat

______________________ WORLD TECHNO
e focus this study on the red-bellied lemur (Eulemur
iventer). Males and females in this species are sexu-
dichromatic with sex-specific variation in facial pat-
s ([43]; Fig. 2). Males exhibit patches of white skin
nd the eyes that are reduced or absent in females.
ddition, females have a white ventral coat (reddish-
n in males) that variably extends to the neck and
. Facial patterns are individually variable, and the au-
s have used this variation to identify individuals in
populations, but substantial training was required.
e the 1980s, a population of red-bellied lemurs has
studied in Ranomafana National Park, Madagascar
47], but because researchers used different methods
individual identification, gaps between studies

unknown to the researcher if the system is unavailable for use
Te it difficult to integrate data. Consequently, de-
d data on many life history parameters for this

Eulemur collaris, and Varecia variegata at the Duke Lemur Center),
palemur griseus, Eulemur rubriventer in Ranomafana National Park;
ional Park)
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W
ies are lacking. A reliable individual identification
hod would help provide these critical data for un-
tanding population dynamics and addressing evo-
nary questions.
this paper we report the method and accuracy

lts of LemurFaceID, as well as its limitations. This
m uses a relatively large photographic dataset of
n individuals, patch-wise Multiscale Local Binary

ern (MLBP) features, and an adapted Tan and
gs [48] approach to facial image normalization to
lemur face images and improve recognition

racy.
r initial effort (using a smaller dataset) was fo-
d on making parametric adaptations to a face
gnition system designed for human faces [49].
system used both MLBP features and Scale In-
nt Feature Transform (SIFT) features [50, 51] to
acterize face images. Our initial effort exhibited
performance in recognition of lemur faces (73%
-1 recognition accuracy). In other words, for a
n query, the system reported the highest similarity
een the query and the true match in the database
73% of the time. Examination of the system re-

ed that the SIFT features were sensitive to local
patterns. As matting of hair changed from image
image, the features changed substantially and
efore reduced match performance. The high di-
sionality of the SIFT features also may have led
verfitting and slowing of the recognition process.
use of this, the use of SIFT features was aban-
ed in the final recognition system.
hile still adapting methods originally developed for
ans, LemurFaceID is specifically designed to handle
r faces. We demonstrate that the LemurFaceID
m identifies individual lemurs with a level of accur-
that suggests facial recognition technology is a
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. 2 Red-bellied lemurs. The individual on the right is female, and
individual on the left is male
ntial useful tool for long-term research on wild
r populations.
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hods
collection
y species
bellied lemurs (Eulemur rubriventer) are small to
ium-sized (~2 kg), arboreal, frugivorous primates,
they are endemic to Madagascar’s eastern rainforests
52] (Fig. 3a). Despite their seemingly widespread
ibution, the rainforests of eastern Madagascar have
me highly fragmented [53], resulting in an apparent
hy distribution for this species. It is currently listed
e IUCN as Vulnerable with a decreasing population
d [54].

y site
collection for this study was concentrated on the
lation of red-bellied lemurs in Ranomafana National
(RNP). RNP is approximately 330 km2 of montane
orest in southeastern Madagascar [22, 55] (Fig. 3b).
bellied lemurs in RNP have been the subjects of mul-
research projects beginning in the 1980s [44–47].

set
dataset consists of 462 images of 80 red-bellied
r individuals. Each individual had a name (e.g.,
y) or code (e.g., M9VAL) assigned by researchers
n it was first encountered. Photographs of four indi-
als are from the Duke Lemur Center in North
lina, while the remainder are from individuals in
in Madagascar. The number of images (1–21) per
idual varies. The dataset only includes images that
ain a frontal view of the lemur’s face with little to
bstruction or occlusion. The dataset comprises im-
with a large range of variation; these include images
mostly subtle differences in illumination and focus
erally including subtle differences in gaze; ~25%), as
as images with greater variation (e.g., facial orienta-
, the presence of small obstructions, illumination
shadows; ~75%). Fig. 4 contains a histogram of the
ber of images available per individual. Amateur pho-
aphers captured photos from RNP using a Canon EOS
l T3i with 18–55 and 75–300 mm lenses. Lemurs
often at heights between 15–30 m, and photos were

n while standing on the ground. Images from the
e Lemur Center were captured with a Google Nexus 5
Olympus E-450 with a 14–42 mm lens. Lemurs were

w trees (0–3 m), on the ground, or in enclosures, and
os were taken while standing on the ground.
e majority of images taken in Madagascar were cap-
d from September 2014 to March 2015, though
e individuals had images captured as early as July
. Images from the Duke Lemur Center were cap-
d in July 2014. Due to the longer duration of the

e collection in Madagascar, there was some difficulty
lishing whether certain individuals encountered in

LOGIES_________________________
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Fig. 3 Map of Madagascar and study site. a Range of E. rubriventer, modified from the IUCN Red List (www.iucnredlist.org). Range data downloaded
May 26, 2016. Ranomafana National Park (RNP) is shown within the grey outline and depicted in black. b RNP depicting all photograph collection sites.
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Whad been encountered previously. In three cases,
e are photographs in the dataset labeled as belonging
o separate individuals that might be of the same indi-
al. These images were treated as belonging to separate
iduals when partitioning the dataset for experiments,
if images that might belong to a single individual were
hed together, it was counted as a successful match.
re 5 illustrates the facial similarities and variations
ent in the dataset. Figure 5a illustrates the similarities
differences between the 80 wild individuals (inter-
similarity), while Fig. 5b shows different images of

same individual (intra-class variability). In addition to
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dified from [74], which is published under a CC BY License
database of red-bellied lemur individuals, a database
aining lemurs of other species was assembled. This
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base includes 52 images of 31 individuals from Duke
ur Center and 138 images of lemurs downloaded
g an online image search through Google Images. We
only those images with no apparent copyrights.
emur identification experiments.

gnition system
re 6 illustrates the operation of our recognition sys-
penBR framework (openbiometrics.org; [56]).

e pre-processing
locations have been found to be critical in human
recognition [40]. The locations of eyes are critical to
alizing the facial image for in-plane rotation. We
unable to design and train a robust eye detector for
rs because our dataset was not sufficiently large to
o. For this reason, we used manual eye location.
r to matching, the user marks the locations of the le-
’s eyes in the image. Using these two points, with
right eye as the center, a rotation matrix M is calcu-
to apply an affine transformation to align the eyes

zontally. Let lex, ley, rex, and rey represent the x and

ordinates of the left and right eyes, respectively. The
e matrix is defined as:

LOGIES_________________________
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______________________ WORLD TECHNO
r to cropping so that the area cropped will be as ac-
te as possible. The Inter-Pupil Distance (IPD) is
n as the Euclidean distance between the eye points.
image is cropped so that the eyes are IPD

2 pixels from
nearest edge and 0.7 × IPD pixels from the top edge,
a total dimension of IPD × 2 pixels square. This

e is then resized to the final size of 104 × 104 pixels,
h facilitates the patch-wise feature extraction

LOGIES_________________________
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Wme described below. This process is illustrated in
7. Following rotation and cropping, the image is
erted to gray-scale and normalized. Although indi-
al lemurs do show variation in pelage/skin color-
, we disregard color information from the images.
uman face recognition studies, skin color is known
e sensitive to illumination conditions and therefore
t considered to be a reliable attribute [57, 58].
ce the primary application of the LemurFaceID sys-
is to identify lemurs from photos taken in the wild,
results must be robust with respect to illumination
tions. To reduce the effects of ambient illumination
he matching results, a modified form of the illumin-
normalization method outlined by Tan and Triggs
is applied. The image is first convolved with a

ssian filter with σ = 1.1, and is then gamma corrected
0.2). A Difference of Gaussians (DoG) operation
(with parameters σ1 and σ2 corresponding to the

el
al
m
te
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ch
fe
fe
va
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im
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Fe
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ch
[5

. 6 Flowchart of LemurFaceID. Linear discriminant analysis (LDA) is used fo
dard deviations of the two Gaussians) is subse-
tly performed on the image. This operation

on i
base

. 7 Eye selection, rotation, and cropping of a lemur image

______________________ WORLD TECHNO
Tinates small-scale texture variations and is tradition-
performed with σ1 = 1 and σ2 = 2. In the case of le-
s, there is an ample amount of hair with a fine
re that varies from image to image within individ-
. This fine texture could confuse the face matcher, as
ges in hair orientation would result in increased dif-
ces between face representations. To reduce this ef-
in the normalized images, σ1 is set to 2. The optimal
e of σ2 was empirically determined to be 5. The result
his operation is then contrast equalized using the
od outlined in Tan and Triggs [48], producing a face
e suitable for feature extraction. Figure 8 illustrates a
le lemur image after each pre-processing step.

ure extraction
l Binary Pattern (LBP) representation is a method of
acterizing local textures in a patch-wise manner
. Each pixel in the image is assigned a value based

ducing feature vector dimensionality to avoid overfitting
ts relationship to the surrounding pixels, specifically
d on whether each surrounding pixel is darker than

LOGIES_________________________
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Wcentral pixel or not. Out of the 256 possible binary
rns in a 3 × 3 pixel neighborhood, 58 are defined as
rm (having no more than 2 transitions between “dar-
and “not darker”) [50]. The image is divided into mul-
patches (which may or may not overlap), and for
patch a histogram of the patterns is developed. Each
e 58 uniform patterns occupies its own bin, while the
uniform patterns occupy a 59th bin [50]. This histo-
makes up a 59-dimensional feature vector for each

h. In our recognition system, we use 10 × 10 pixel
hes, overlapping by 2 pixels on a side. This results in
total patches for the 104 × 104 face image.
ulti-scale Local Binary Pattern (MLBP) features are a

ity
to
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. 8 Illumination normalization of a lemur image
tion on LBP which use surrounding pixels at differ-
radii from the central pixel [50], as shown in Fig. 9.

for
scor

. 9 Local binary patterns of radii 1, 2, and 4. Image from https://upload.wikim
lished under the GNU Free Documentation License, Version 1.2 under the Cr
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T

this application, we used radii of 2, 4, and 8 pixels.
refore, each patch generates 3 histograms, one per
s, each of which is normalized, and then
atenated and normalized again, both times by L2
. This process results in a 177-dimensional feature

or for each 10 × 10 patch. Figure 10 shows an ex-
le of three face images of the same individual with
enlarged grid overlaid. As demonstrated by the
lighted areas, patches from the same area in each
e will be compared in matching.
extract the final feature vector, linear discriminant

ysis (LDA) is performed on the 177-dimensional fea-
vector for each patch. LDA transforms the feature
or into a new, lower-dimensional feature vector such
the new vector still captures 95% of the variation
een individuals, while minimizing the amount of
tion between images of the same individual. For this
sformation to be robust, a large training set of lemur
images is desirable. LDA is trained on a per-patch
s to limit the size of the feature vectors considered.
resulting vectors for all the patches are then
atenated and normalized to produce the final fea-
vector for the image. Because each patch undergoes
wn dimensionality reduction, the final dimensional-
f the feature vector will vary from one training set
nother. The LemurFaceID system reduces the mean
of the resultant image features from 396,850 dimen-
s to 7,305 dimensions.

matching
reparation for matching two lemur faces, a gallery (a
base of face images and their identities against
h a query is searched) is assembled containing fea-
representations of multiple individual lemurs. The
idean distance d between feature vectors of a query
e and each image in the gallery is calculated. The
similarity metric is defined as [1 − log(d + 1)]; higher
es indicate more similar faces. A query can consist
or more images, all of which must be of the same
r. For each query image, the highest similarity score

each individual represents that individual’s match
e. The mean of these scores, over multiple query

edia.org/wikipedia/commons/c/c2/Lbp_neighbors.svg, which is
eative Commons

LOGIES_________________________
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W
es, is calculated to obtain the final individual scores.
top five ranking results (i.e., individuals with the 5
est scores) are presented in descending order. We
ated LemurFaceID systems’ recognition perform-
with queries consisting of 1 and 2 images.
ure 11a shows match score histograms for genuine
paring 2 instances of the same lemur) vs. impostor
paring 2 instances of different lemurs) match scores
1 query image. Figure 11b shows score histograms
fusion of 2 query images. Note that the overlap be-
n genuine and impostor match score histograms is
tantially reduced by the addition of a second query
e.

stical analysis
evaluated the accuracy of the LemurFaceID sys-
by conducting 100 trials over random splits of
lemur face dataset (462 images of 80 red-bellied
rs) that we collected. To determine the response
he recognition system to novel individuals, the

dimensionality reduction method must be
ed on a different set of individuals (i.e., training
from those used to evaluate matching perform-
(known as the test set). To satisfy this condition,

dataset was divided into training and testing sets
andom split. Two-thirds of the 80 individuals (53
viduals) were designated as the training set, while
remainder (27 individuals) comprised the test set.
he test set, two-thirds of the images for each indi-
al were assigned to the system database (called
‘gallery’ in human face recognition literature) and
emaining images were assigned as queries (called the
e’ in human face recognition literature). Individuals
fewer than 3 images were placed only in the gallery.
gallery was then expanded to include a secondary
set of other species to increase its size.
sting was performed in open-set and closed-set
tification scenarios. Open-set mode allows for con-
ns encountered in the wild, where lemurs (query

da
th
no
qu
se

. 10 Patches and corresponding LBP histograms compared across differen

F
m

es) may be encountered that have not been seen be-
(i.e., individuals are not present in the system

831
841

______________________ WORLD TECHNO
base). Queries whose fused match score is lower
a certain threshold are classified as containing a
l individual. Closed-set mode assumes that the

ages of a single lemur (Avery)
,583 impostor). b Results with 2 query images (4,317 genuine,
,743 impostor)
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r in situations where the system is guaranteed to
the individual, such as in a captive colony.

r open-set testing, one-third of the red-bellied
r individuals in the gallery were removed. Their
esponding images in the probe set therefore made
the set of novel individuals. For open-set, the
n gallery size was 266 images, while for closed-set
mean size was 316 images. Across all trials of the
urFaceID system, the mean probe size was 42
es.

lts
lts of the open-set performance of LemurFaceID are
ented in Fig. 12, which illustrates the Detection and
tification Rate (DIR) against the False Accept Rate
). DIR is calculated as the proportion of non-novel
iduals that were correctly identified at or below a
n rank. FAR is calculated as the number of novel in-
uals incorrectly matched to a gallery individual at
elow a given rank. In general, individuals are cor-
y identified >95% of the time at rank 5 or higher re-
less of FAR, but DIR is lower (<95%) at rank 1, only
oaching 95% when FAR is high (0.3).
nk 1 face matching results for closed-set operation

im
vi
sh
be
m
2
id
fu
3.
ar

D
O
re
ua
ou
tio
a
qu
al
m
as
tio
Fa
Wreported in Table 2, and the Cumulative Match

racteristic (CMC) curves for 1-image query and 2-
coul
whic

. 12 DIR curve for open-set matching with 2 query images. Plots show the pr
a) rank 1 and (b) rank 5 versus the proportion of novel individuals that were

______________________ WORLD TECHNO
e fusion (combining matching results for the indi-
al query images) are shown in Fig. 13. This plot
s the proportion of correct identifications at or
w a given rank. The mean percentage of correct
ches (i.e., Mean True Accept Rate) increases when
uery images are fused; individuals are correctly
tified at Rank 1 98.7% ± 1.81% using 2-image
n compared to a Rank 1 accuracy of 93.3% ±
% when matching results for a single query image
used.

ussion
initial analyses of LemurFaceID suggest that facial
gnition technology may be a useful tool for individ-
identification of lemurs. This method represents, to
knowledge, the first system for machine identifica-
of lemurs by facial features. LemurFaceID exhibited
latively high level of recognition accuracy (98.7%; 2-
y image fusion) when used in closed-set mode (i.e.,
ndividuals are present in the dataset), which could
e this system particularly useful in captive settings,
ell as wild populations with low levels of immigra-
from unknown groups. Given the success of Lemur-
ID in recognizing individual lemurs, this method
Td also allow for a robust species recognition system,
h would be useful for presence/absence studies.

oportion of in-gallery lemurs that were correctly identified (DIR)
matched to a gallery individual (FAR)
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Table 2 Face matcher evaluation results (Rank 1, closed-set)

Method Mean (TAR) SD

Baseline system 81.5% 6.68%

2 query images 98.7% 1.81%

1 query image 93.3% 3.23%

True Accept Rate (TAR) is the percentage of correct matches. Standard deviation
(SD) is computed over 100 random splits. The LemurFaceID system is also
comp
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e accuracy of our system was lower using open-set
e (i.e., new individuals may be encountered) where,
rdless of the False Accept Rate (FAR), non-novel in-
uals were correctly identified at rank 1 less than
of the time and less than 85% of the time given a
of 0. These numbers are expected to improve with
ger dataset of photographs and individuals. In our

cl
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ared to the earlier (i.e., “Baseline”) system (using SIFT) for comparison
W
ent sample, we also included photographs exhibiting
subtle variation between images. Given that the
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. 13 CMC curves for closed-set performance. a Performance of our
thod with 1 image as query. b Performance of our method with 2
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h rank and below
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ate goal of LemurFaceID is to provide an alterna-
non-invasive identification method for long-term

arch, it will also be important to test its accuracy
g a larger dataset that includes only photographs
large variation (e.g., collected across multiple,

er-term intervals).
e also note that our system focuses specifically on
ifying individuals using a dataset of known individ-
in a population. Such a tool can be particularly use-
for maintaining long-term research on a study
lation. This approach differs, however, from an-
r potential application of face recognition methods,
h would be to identify the number of individuals
a large image dataset containing unknown individ-
only (i.e., clustering) [59, 60]. The addition of a
tering technique could allow for more rapid
lation surveys or facilitate the establishment of
study sites, but such techniques can be challen-
as clustering accuracy is expected to be lower
the classification accuracy [59, 60]. That said, in

re work, the feature extraction and scoring system
emurFaceID could potentially be combined with
tering techniques for segmenting datasets of un-
n individuals.
spite some current limitations, LemurFaceID pro-
s the groundwork for incorporating this technology
long-term research of wild lemur populations, par-
arly of larger-bodied (>2 kg) species. Moving for-
, we aim to 1) expand our photographic database,
h is necessary to automate the lemur face detector
eye locator, 2) increase open-set performance by im-
ing the feature representation to provide better sep-
on between scores for in-gallery and novel
iduals, and 3) field test the system to compare the
ification accuracy of LemurFaceID with that of ex-
nced and inexperienced field observers. Once opti-
d, a non-invasive, computer-assisted program for
idual identification in lemurs has the potential to
gate some of the challenges faced by long-term re-
ch using more traditional methods.
r example, facial recognition technology would re-
e the need to artificially tag individuals, which
oves potential risks to animals associated with cap-
g and collaring; some of these risks, including in-
occur more frequently in arboreal primates [29]. At
same time, many costs incurred using these tech-
es are removed (e.g., veterinary services, anesthesia),
e potential restrictions on the number of individuals
able for study (e.g., local government restrictions on
ures). More traditional non-invasive techniques that
on researchers’ knowledge of natural variation can
imilarly advantageous, but facial recognition pro-

s can help ensure that data are collected consist-
across multiple researchers. That said, we would
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recommend researchers become wholly reliant on
puter programs for individual identification of study
ects, but training multiple researchers to accurately
gnize hundreds of individuals is time-consuming
costly, as well as potentially unrealistic. Facial recog-
n technology can facilitate long-term monitoring of
populations by removing the need for extensive train-
or potentially accelerate training by making phenotypic
rences more tangible to researchers and assistants.
eover, in studies with large sample sizes where immedi-
ecognition of all individuals might be impossible, facial
gnition technology can process data more quickly. For
ple, LemurFaceID takes less than one second to
gnize a lemur (using a quad core i7 processor), which
save time identifying individuals when manual compari-
of photographs/descriptions are necessary.
timately then, LemurFaceID can help expand re-
ch on lemur populations by providing a method to
matically identify a large number of individuals over
nded periods of time. As is the case with other long-
studies of natural populations, this research has the
ntial to provide substantial contributions to evolu-
ary biology [1]. More specifically, lemurs are an en-
ic mammalian lineage that evolved in Madagascar
nning >50 million years ago [61]. Over time, they
greatly diversified with >100 species recognized

y [43]. They occupy diverse niches (e.g., small-
ed, nocturnal gummivores; arrhythmic frugivores;
-bodied, diurnal folivores) across Madagascar’s var-
abitats (e.g., rainforests; spiny, dry forest) [43], and
have recently (in the last ~2,000 years) experienced
nsive ecological change owing largely to human im-
[62]. Accordingly, this mammalian system provides
ue opportunities for studying ecological and evolu-
ary pressures impacting wild populations.
ta obtained from longitudinal studies of lemurs can
aid in conservation planning and management for
highly endangered group of mammals. Demographic
ture and life history parameters documented from
-term research can provide insights into the causes
opulation change and be used to model extinction
[63–65]. LemurFaceID also has potential for more
t applications to conservation. One notable threat
murs [66, 67], as well as many other animal species
69], is live capture of individuals for the pet trade.
urFaceID could provide law enforcement, tourists,
researchers with a tool to rapidly report sightings
identify captive lemurs (species and individuals). A
base of captive lemurs can help with continued
itoring to determine if individuals remain constant
time.
portantly, the face recognition methods we devel-
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tification in other primates, as well as other non-
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ate species, especially those with similarly variable
l pelage/skin patterns (e.g., bears, red pandas, rac-
s, sloths). Furthermore, as camera trapping has be-
e increasingly useful for population monitoring of
y cryptic species (e.g., [70, 71]), our facial recogni-
technology could be potentially incorporated into
-term, individual-based studies conducted remotely.
t said, it will be necessary to make unique modifica-
s to methods for different lineages.
illustrate this point, recent publications also have

ored the area of facial recognition for primates. For
ple, Loos and Ernst’s [41] system for recognizing
panzees has a similar approach to pre-processing as
urFaceID, but they use a different illumination
alization method and correct for greater difference

perspective. In feature extraction, their use of
ded-up robust features (SURF), a gradient-based fea-
similar to SIFT, underscores the difference in lemur
chimpanzee faces, namely the lack of hair/fur in
panzees to confound the directionality of the fea-
s [41]. Their selection of Gabor features also reflects
relative lack of hair, as such indicators of edgeness
ld exhibit significantly more noise in lemurs [72].
e recently, Freytag et al. [73] were able to improve
recognition accuracy of chimpanzees by applying

olutional neural network (CNN) techniques. Their
lts identify CNNs to be a promising direction of ani-
face recognition research, but such methods also re-
e datasets that are orders of magnitude larger than
current dataset [73]. Thus, although they are beyond
scope of this study, CNNs could be an interesting
ue for future research in lemur face recognition.
contrast to these approaches, Allen and Higham
use a biologically-based model for identification of
ons. Their feature selection is based on guenon vi-
models, using the dimensions of facial spots to

tify species and individuals [42]. While E. rubriven-
ndividuals also possess prominent facial spots, these
not common across different lemur species and
efore unsuitable for use in our system. The wide var-
of approaches used underscores that there is no
size fits all” approach to animal facial recognition,

once developed, this technology has the potential to
itate long-term research in a host of species, expand
types of research questions that can be addressed,
help create innovative conservation tools.

clusions
non-invasive, computer-assisted facial recognition
ram (LemurFaceID) was able to identify individual
rs based on photographs of wild individuals with a
ively high degree of accuracy. This technology

ld remove many limitations of traditional methods
ndividual identification of lemurs. Once optimized,

LOGIES_________________________
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system can facilitate long-term research of known
iduals by providing a rapid, cost-effective, and ac-
te method for individual identification.

eviations
Cumulative match characteristic; CNN: Convolutional neural network;
etection and Identification Rate; FAR: False accept rate; IPD: Inter-pupil
ce; LBP: Local binary pattern; LDA: Linear discriminant analysis;
: Multiscale local binary pattern; RNP: Ranomafana National Park;
cale invariant feature transform; SURF: Speeded-up robust features;
rue accept rate
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enorhabditis monodelphis sp. n.: defining 

e stem morphology and genomics of the 

nus Caenorhabditis

er Slos1* , Walter Sudhaus2, Lewis Stevens3*, Wim Bert1 and Mark Blaxter3

stract

ckground: The genus Caenorhabditis has been central to our understanding of metazoan biology. The
st-known species, Caenorhabditis elegans, is but one member of a genus with around 50 known species,
d knowledge of these species will place the singular example of C. elegans in a rich phylogenetic context.
w did the model come to be as it is today, and what are the dynamics of change in the genus?

sults: As part of this effort to “put C. elegans in its place”, we here describe the morphology and genome of
enorhabditis monodelphis sp. n., previously known as Caenorhabditis sp. 1. Like many other Caenorhabditis, C.
nodelphis sp. n. has a phoretic association with a transport host, in this case with the fungivorous beetle Cis
taneus. Using genomic data, we place C. monodelphis sp. n. as sister to all other Caenorhabditis for which
nome data are available. Using this genome phylogeny, we reconstruct the stemspecies morphological
ttern of Caenorhabditis.

nclusions: With the morphological and genomic description of C. monodelphis sp. n., another key species

evolutionary and developmental studies within Caenorhabditis becomes available. The most important
gy

lo

s
eth
xa
m
d
r t
fer
og
Waracters are its early diverging position, unique morpholo
pothetical ancestor of Caenorhabditis.

ywords: Taxonomy, Systematics, Evolution, Genome, Phy

kground
nematode genus Caenorhabditis includes the well-
n model organism C. elegans, which has provided
insights into molecular and developmental biology
Over the past ten years, numerous new Caenorhab-
species have been discovered and described [2, 3].

se putative new taxa are generally indistinguishable
phologically, and thus the most recent descriptions

ha
m
ta
nu
tra
fo
in
ol
ew species within Caenorhabditis have been based
DNA sequences and mating tests only [2]. This
mlined species-description methodology has been
n by the need to have names to attach to real bio-
al entities, and the fact that traditional taxonomy
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Tfor the genus and its similarities with the

geny, Description

been unable to keep up with species discovery. The
od is relatively simple to implement, and delivers
that have a biological reality [2]. However, as the
ber of species discovered in Caenorhabditis grows,
itional, morphological descriptions are still valuable
he understanding of patterns of trait evolution and
ence of ecological functions [4, 5]. Although morph-
y cannot be used to definitively delineate species, it
ld not be abandoned all together.
-A Félix, C Braendle and AD Cutter [2] provided
species name designations for 15 biological species,
iderably increasing the number of named Caenor-
itis species in laboratory culture. However, several
Caenorhabditis species remain undescribed. A well-

n but undescribed species of Caenorhabditis, infor-
y referred to as Caenorhabditis sp. 1, has been analysed
veral evolutionary and developmental studies [3, 6–8].
p. 1 was previously found only once inside a fruiting
of the fungus Ganoderma applanatum (Pers.) Pat.
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poraceae), growing on the stump of tree in Berlin,
any. Galleries inside the fungus were frequently vis-

by beetles of the species Cis castaneus (Ciidae), a beetle
a host preference for Ganoderma [9]. Associations be-
n nematodes and insects, where the nematode uses the
t as a transport carrier (phoretism), have already been
ribed for several Caenorhabditis species, including
orhabditis angaria, C. remanei, and C. bovis, and simi-
horetic associations could be expected for many or
ibly all other Caenorhabditis species [10].
re we use both morphological and molecular analyses
aracterise and describe C. sp. 1 as a new species, Cae-
abditis monodelphis sp. n., and explore its relationship
the beetle Cis castaneus. Molecular phylogenetic
sis based on whole genome sequencing of an inbred
ative of the type strain affirms the placement of C.
odelphis sp. n. as sister to other analysed Caenorhabditis,
we analyse the evolution of phenotypic traits to infer
e present in the hypothetical ancestor of Caenorhabditis.

hods
tion and culture
orhabditis monodelphis sp. n. (strain SB341) was

inally isolated from fruiting bodies of Ganoderma
anatum (Pers.) Pat. 1887 collected in Berlin-
newald, Germany (April, 2001) and later from four
tions in Belgium (strain DSC001 collected from 51°
4"N, 3°18'13"E, March 2014, strain DSC002 collected
50°52'7"N, 4°06'54", February 2014, and an uncul-

d population 51°02'41"N, 3°27'17" June 2014) and from
location in the Botanical Garden in Oslo, Norway
in JU2884; 59°55'04"N 10°46'01"E, 22 July 2015).
e collections were from the same mushroom species.
also found C. monodelphis sp. n. in the fruiting body
omes fomentarius (L.) Fr. 1849 (50°43'02"N, 4°05'06"E,
uary 2015). Strain SB341 was chosen as type.
matodes were extracted from the fruiting bodies of
pplanatum using the modified Baermann method
. Dauer larvae were isolated from the beetle Cis
aneus (Herbst, 1793) that had been extracted from
same mushroom from multiple locations (except the
population and from 51°02'41"N, 3°27'17"). Adults
dauer larvae were picked out and cultured on nutrient
plates seeded with E. coli OP50 at 15 °C.

phological characterisation
ures of nematodes from two populations (strain
1 and DSC001) were used for the description. Mea-
ments and drawings were made with an Olympus
1 equipped with differential interference contrast
). Light microscopic images were taken with a Nikon
I2 camera. For Scanning Electron Microscopy (SEM),
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od, live animals were fixed in a microwave in Trump’s
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(also
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ive (2% paraformaldehyde + 2.5% glutaraldehyde in a
Sorenson buffer) for a few seconds. Specimens were

equently washed three times in double-distilled water.
the second method, specimens were put in a refriger-
at 4 °C for 1 h, then Trump’s fixative was added and
imens were left overnight at 4 °C. The specimens were
washed with a 0.2 M phosphate buffer followed by 1 h
-fixation in a 1% OsO4 solution at room temperature
subsequently washed 4 times in double-distilled water.
both methods, the specimens were dehydrated by pass-
hem through a graded ethanol concentration series of
0, 75, 95% (20 min each) and 3x 100% (10 min each).
specimens were critical point-dried with liquid CO2,
nted on stubs with carbon discs and coated with gold
nm) before observation with a JSM-840 EM (JEOL,
yo, Japan) at 15 kV. Sperm cells were observed in the
le post-uterine sac with Transmission Electron Micros-
(TEM), processing samples as described [12], except
ltramicrotomy with a Leica EM UC7 and 1 h 1% os-
postfixation (Slos et al. unpublished).

cular characterisation
DNA barcoding analyses, temporary slides of indi-
al nematodes were made in tap water and digital
microscope pictures were taken as a morphological
her. The nematode was then transferred to a PCR
with a solution containing 10 μl 0.05 M NaOH and
Tween20, heated for 15 min at 95 °C, and 40 μl of
le-distilled water was added. PCR was carried out
eting either the 28S (large subunit) ribosomal RNA
(nLSU) or the ribosomal internal transcribed spacer 2
2) locus, and PCR products were cleaned and se-
ced directly. Forward and reverse primers for the nLSU
D2Ab (ACAAGTACCGTGAGGGAAAGTTG) and
(TCGGAAGGAACCAGCTACTA). For ITS2 we used
IN2F (CTTTGTACACACCGCCCGTCGCT) and
IN2R (TTTCACTCGCCGTTACTAAGG GAATC).
sequences obtained were 100% identical to published
ences for Caenorhabditis sp. 1 [3].

me sequencing
omic DNA was extracted from an inbred strain,
67, of C. monodelphis sp. n. (derived from strain
1), maintained on E. coli OP50, using the proteinase
in column protocol (detailed in Additional file 1).
l RNA from the same culture was also extracted
hods detailed in Additional file 1). Two paired-end
mic libraries (insert sizes of 300 bp and 600 bp, re-
tively) and a single paired-end RNA-seq library (insert
180 bp) were constructed using TruSeq reagents and
enced on the Illumina HiSeq 2000 by Edinburgh Gen-
s. We obtained 124.3 million genomic read pairs (100

, paired end) and 46.2 million pairs of RNA-Seq reads
100 base, paired end).

LOGIES_________________________
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ovo genome assembly and gene prediction
ils of software versions and parameters are available
Additional file 2). We performed initial quality con-
of our genomic sequence data using FastQC [13] and
Skewer [14] to remove low quality (Phred score < 30)
adapter sequence. Using blobtools [15], we generated
n-annotated GC-coverage (TAGC) plots to identify
remove bacterial contamination. Sequence data were
mbled with CLC assembler (CLCBio, Copenhagen,
mark) and reads mapped back to this assembly using
mapper. Each assembly contig was compared to the
I Nucleotide (nt) database using megablast from the
I BLAST+ suite [16]. Genomic read pairs were
ed to genome references from five E. coli (strains:
1 (DE3), ETEC H10407, K12 substr. DH10B, K-12
tr. MC4100 and B str. REL606) using Bowtie
, and aligned pairs discarded. We identified
ratory-induced contamination with Caenorhabditis
ns in the 600 bp insert library data. To remove
we aligned read pairs of the uncontaminated
bp-insert library to the C. elegans N2 reference
me. Regions of similarity between the genomes
. monodelphis sp. n. and C. elegans (i.e. those re-
s of C. elegans with aligned C. monodelphis sp. n.
s) were masked with Ns using BEDtools [18].
pairs of the 600 bp-insert library were subse-

tly aligned to this masked C. elegans reference
any aligned read pairs discarded.
eaned sequence data were assembled with ABySS
(k = 83) and contigs were scaffolded with transcript
ence using SCUBAT [20]. RepeatModeler [21] was
to identify repetitive regions which were then

ked using RepeatMasker [22]. RNA-Seq read pairs
aligned to the assembly using STAR [23], and the

lting BAM file was used to guide the prediction of
ein-coding genes by BRAKER [24].

structure comparisons
ome sequences and annotation GFFs were down-
ed from WormBase [25] and imported into a custom
mbl database (version 84) [26]. Using the Ensembl
API, the canonical transcript from each protein-
ng gene was identified and exon and intron statistics
calculated. To compare the gene structures of C.

odelphis sp. n. with that of C. elegans, we identified all
ologous clusters (details below) in which C. monodel-
sp. n. and C. elegans proteins were present as single-
. Exon and intron statistics were calculated for each
pair, as described previously. Plots were generated

g the ggplot2 package [27] and GenePainter [28].

ogenetic analyses
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roup species, Oscheius tipulae and Heterorhabditis
eriophora, (see Additional file 3 for details) were
ormed using NCBI BLAST+ [16] and clustered into
ologous groups using OrthoFinder [29]. The se-
ces of 303 one-to-one orthologues (allowing for up
o species to have missing data) were extracted and
ed using ClustalOmega [30]. Poorly aligned regions
removed from the alignments using trimAL [31] and

med alignments concatenated using FASconCAT [32]
eld a supermatrix. We performed maximum-likelihood
) analysis using RAxML [33] (PROTGTR + Γ substi-
n model) with 1,000 bootstrap replicates. Bayesian
ysis was performed using PhyloBayes [34] (CAT-
), with two independent Markov chains, and con-
ence was assessed using Tracer [35].

enclatural acts
published work and the nomenclatural acts it contains
been registered in Zoobank: http://zoobank.org/urn:l-
oobank.org:pub:0E6F137B-9975-4A8E-91F2-D588A57
E. The LSID for this publication is: urn:lsid:zooban-
:pub:0E6F137B-9975-4A8E-91 F2-D588A572076E.

lts
we provide a formal description of SB341 as the
strain of C. monodelphis sp. n.
enorhabditis monodelphis1 sp. n. Slos & Sudhaus

Caenorhabditis sp. SB341 [7]
Caenorhabditis sp. SB341 and Caenorhabditis sp. n.
341 [36]
Caenorhabditis sp. n. 1 (SB341) and (lapse)
enorhabditis sp. n. 4 (SB341) [10]
Caenorhabditis sp. 1 SB341 [6, 8, 37]
Caenorhabditis sp. 4 SB341 [38]

igs. 1, 2, 3 and 4; Table 1)

lt
ll species (female 0.72 - 1.04 mm, male 0.65 –
mm); cuticle thin, ca. 1 μm wide and finely annu-
, 0.8 μm wide at midbody. Lateral field inconspicuous,
t 9% of body width, consisting one ridge that can be
d anteriorly to the level of the median bulb and pos-
rly at level of rectum in females and about 1½ spicules
th anterior of the cloacal aperture in males. Six lips
tly protruding, each with one apical papilliform labial
illum and a second circle of four sublateral cephalic
illa in both sexes; amphids opening on the lateral lips,
ly discernible. Buccal tube long and slender, more
twice the width in lip region, pharyngeal sleeve
lopes nearly half of the stoma, the anterior as well

e posterior end of the tube appear slightly thickened,
lostom inconspicuous, arcade cells forming the
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nostom sometimes visible; glottoid apparatus com-
ly absent. Pharynx with a prominent median bulb,
eter more than 90% of diameter of terminal bulb; ter-
al bulb pyriform, with double chambered haustrulum,
anterior chamber smallish; cardia conspicuous, opens
el-like in intestine. Nerve ring encircles isthmus in its
rior part in living specimens, more to the middle of

of
he
te
ce
sp
sp
fro

ail in lateral view; e Tail in ventral view; f Pharyngeal region; g Gubernaculu
ral view
isthmus in heat relaxed or preserved specimens;
ids usually conspicuous in the lateral field at level

fema
the

______________________ WORLD TECHNO
eginning of terminal bulb, sometimes not visible in
relaxed animals; pore of excretory-secretory sys-
hard to discern posterior of deirid level. Two gland
ventral and slightly posterior of terminal bulb con-
uous in live specimens. Lateral canals visible in live
imens extending anteriorly to two stoma length
the anterior end and ending at rectum level in the

in ventral view; h Gubernaculum in lateral view; i Spiculum in
le. Postdeirids usually very conspicuous dorsally of
lateral field at about 75% of body length in both

LOGIES_________________________
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W
s and about half the length between vulva and be-
ing of rectum (or at level of posterior end of uterus
nant) in females, sometimes not visible in heat re-
d specimens.

ale
imum body diameter clearly anterior of the vulva,
a position 65% body length, a transverse slit, bor-
d in both ends by cuticular longitudinal flaps, vulva
moderately protruding, four diagonal vulval muscles
picuous; one pseudocoelomocyte exists anterior of
d flexure ventrally. Genital tracts asymmetrical; pos-
r branch rudimentary, sac like, on the left hand side
ntestine, without flexure, almost as long as body
eter at the level of the vulva, containing spermato-
(Fig. 2); anterior branch right of intestine, reflexed
ally close to the pharynx, flexure more than half the
th of the gonad (measured from vulva to flexure); at
flexure oocytes in several rows, downstream in one
oocytes predominantly growing in the last position,
re granules are stored inside; sphincter between ovi-
and uterus, only a few sperm cells in oviduct, most
em in uterus and blind sac; oviparous, one egg at a
in uterus (rarely two), segmentation starts in the

us. Rectum a little S-shaped, rectal gland cells very
ll, posterior anal lip slightly protuberant. Tail short,
grolaimid, dorsally convex, with offset tip tapering,
oth to somewhat telescope-like by cuticle forming a
e-like structure; tail tip with tiny hooks, mostly one
al, but also subventral (compare with Poikilolaimus);
ing of phasmids located at 60–65% of tail length,
tly anterior of tip, phasmid glands not reaching anus
.

is right of intestine, ventrally reflexed in a certain
nce posterior of pharynx; flexure relatively short.
pseudocoelomocyte between pharynx and flexure

rally. Bursa well developed, peloderan, anteriorly
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. 2 Caenorhabditis monodelphis sp. n., mature spermatozoa in
ale post-uterine sac, TEM. Arrows = sperm cells
, with smooth margin and sometimes terminally in-
ed, posterior part of velum transversely striated.

Mus
Belg

______________________ WORLD TECHNO
pairs of genital papillae (GP) present, two of them
rior of the cloaca, genital papilla 1 (GP1) and GP2
ed, GP3 to GP6 and GP7 to GP9 clustered, GP5 and
point to the dorsal side of the velum, GP6 slightly

le shaped, GP8 and GP9 fused at base, GP2 and GP8
reaching the margin of velum. Phasmids forming
ll tubercles to the ventral side posterior of the last
formula of GPs: v1,v2/(v3,v4,ad,v5) (pd,v6,v7)ph.
loacal sensillum small, precloacal lip simple (accord-
to type A of W Sudhaus and K Kiontke [39]), post-
cal sensilla long filamentous. Spicules short and
t, tawny, separate, slightly curved, with prominent
; shaft with a transverse seam, with a prominent
itudinal ridge, a dorsal lamella, and an oval “win-
”, the tip notched. Gubernaculum dorsally project-
flexible, in the distal part following the contour of
picules, spoon shaped in ventral view.

er larva
eathed, mouth closed; stoma long, slender. Pharyngeal
e covering about half of the stoma; pharynx with well-
loped median and terminal bulbs; corpus length ca.
of pharynx length. Nerve ring somewhat in the middle
een the middle and terminal bulb. Genital primordium
out 60% of body length, elongated oval in shape. Tail
Tds and phasmids not observed.

ration
ne female a second set of “sensilla” were observed a
n of the postdeirids.

carrier and locality
type and paratypes of Caenorhabditis monodelphis
. were isolated from the tunnels of Cis castaneus
bst, 1793) (Ciidae, Coleoptera) in the bracket fungus
oderma applanatum (Polyporales) on a stump of the
mon beech (Fagus sylvatica) a few centimetres
e the ground in Berlin-Grunewald in April 2001.
same sample included individuals of Diploscapter
Plectus sp., Oscheius dolichura and one individual
laimid and mononchid.

material
type male (collection number WT 3684) and five
le and four male paratypes (WT 3685, WT 3686) are
sited in the National Plant Protection Organization
eningen, The Netherlands. In addition, four female
four male paratypes, are deposited in the collection of

eum Voor Dierkunde at Ghent University, Ghent,
ium, five female and three male paratypes in Museum

LOGIES_________________________
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Naturkunde an der Humboldt-Universität zu Berlin,
in, Germany. Additional paratypes are available in the
nt Nematode Collection (slides UGnem158, 159 &

Di
Ca
a

em; c Detailed ventral view of vulva; d Anterior region of male; e Male tail in
ital papillae. The phasmids are not visible in this plane; f Male tail in lateral vie
of the Nematology Research Unit, Department of
gy, Ghent University, Ghent, Belgium.

clear
n. is

______________________ WORLD TECHNO
nosis and relationship
orhabditis monodelphis sp. n. can be recognised as
enorhabditis based on the thickened GP6 and the

tral view, showing seven ventral (v1-7) and two dorsal (ad, pd)
g Detail of the spicule; h Detail of the gubernaculum
ly visible postdeirids. Caenorhabditis monodelphis sp.
distinguished from all other described Caenorhabditis
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Fig. 4 Scanning electron micrographs of Caenorhabditis monodelphis sp. n. a,d Anterior end of female; b,c Anterior end of male; e Female vulva;
f,g Lateral field of female and male, respectively; h Female anus and tail; i,j Male bursa with genital papillae indicated; k Detail of cloacal region
with postcloacal sensillae; l Detail of male spiculum
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ies by the presence of a monodelphic genital tract in
emale with a blind sac posterior the vulva, a panagro-
id female tail shape, adults with only one ridge on the
al field, a very long and slender stoma without visible

Ec
Ca
sp
ou
oid apparatus and male with short, stout spicule with
cate tip.

from
from

______________________ WORLD TECHNO
gy and biology
orhabditis monodelphis sp. n. is a gonochoristic
ies with both males and females. Females are ovipar-
and carry only one egg (rarely two eggs). Development

egg to adult took about 5–6 days in juice prepared
brown algae at room temperature. Development

LOGIES_________________________



W
from
3 da
adul
fema
8 da

(me
lived
Ca

been
Belg
The
was
fung
sp. n
foun
inter
findi
only
and
that
mus
The
know
OP5

Geno
mon
We
of C
nolo
into
N50
Map
of h
gene
and
were
Caen
of C
spec
tic s
W

and
thos
num
mos
struc
we i
gene
from
gene

g
. n
e
di
e
. n

Table 1 Measurements (in μm) of heat relaxed specimens of
Caenorhabditis monodelphis sp. n.

Character Female Male Dauer

N 11 10 10

L 870 ± 105 694 ± 36 456 ± 24

A 17.1 ± 0.8 22 ± 1.6 23 ± 1.2

B 4.9 ± 0.5 4.1 ± 0.3 3.6 ± 0.1

C 20.5 ± 2.6 22 ± 2.3 9.8 ± 0.7

c’ 1.99 ± 0.17 1.8 ± 0.2 3.9 ± 0.30

V 65 ± 1.8 - -

Body width 51 ± 6.9 32 ± 3 20 ± 0.6

Stoma length 27 ± 2.3 27 ± 2 21 ± 1.1

Stoma diameter 1.9 ± 0.6 1.2 ± 0.2 0.6 ± 0.1

Cheilostom 2.5 ± 0.2 2.4 ± 0.2 -

Gymnostom 10 ± 0.7 9.7 ± 0.9 -

Stegostom 15 ± 1.5 15 ± 1.5 -

Pharyngeal sleeve 12.42 ± 1.6 13 ± 1.2 -

Pharynx length 150 ± 6.7 141 ± 9.2 107 ± 3.3

Procorpus length 55 ± 3.1 52 ± 3.6 -

Metacorpus length 26 ± 2.1 22.8 ± 1.1 -

Isthmus length 39 ± 3.2 40 ± 4.9 -

Nerve ring to terminal bulb 11 ± 4.9 19 ± 3.3 -

Terminal bulb length 30 ± 1.8 27 ± 1.7 -

Diameter of median bulb 22 ± 2.5 17 ± 1.3 9 ± 0.5

Diameter of terminal bulb 25 ± 2 19 ± 1 11 ± 0.4

Anterior end to deirid 150 ± 8 150 ± 8.3 -

Postdeirid to anus 170 ± 29.8 141 ± 14 -

Length intestine 651 ± 100 494 ± 32 -

Rectum length 25 ± 2.6 24 ± 1.9 -

Anal body width 22 ± 2.1 17 ± 1.1 12 ± 0.6

Tail length 43 ± 4.3 32 ± 3.2 46 ± 2.4

Anus to phasmid distance 26 ± 2.2 - -

Gonad lengtha 303 ± 68 342 ± 44 -

Gonad flexure length 226 ± 67 46 ± 6.8 -

Postuterine sac 45 ± 6.8 - -

Sperm diameter - 9.8 ± 1.3 -

Egg lengthb 53 ± 3.1 - -

Egg diameterb 29 ± 2.9 - -

Spicule length - 25 ± 1 -

Gubernaculum length - 15 ± 0.9 -
afrom
bn = 7
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dauer larva to adults was completed in less than
ys at 20 °C on NA seeded with OP50. The lifespan of
ts is at minimum 14 days for males and 17 days for

len
sp
C.
co
C.
sp

anus to flexure in the female; from cloaca to flexure in the male
les. One pair of adults produced 167 offspring in
ys and the daily production of fertile eggs was 6–31

C. e
aver

______________________ WORLD TECHNO
T

an 18; n = 14). After the reproductive phase, females
9–14 days (n = 3) with males present.
enorhabditis monodelphis sp. n. has until now only
found in Ganoderma and Fomes in Germany and

ium in relation with the ciid beetle Cis castaneus.
Ganoderma carrying C. monodelphis sp. n. from Oslo
not investigated for the presence of C. castaneus. In
al fruiting bodies lacking the beetle C. monodelphis
. was not found. Dauers of C. monodelphis sp. n. were
d under the elytra of the beetle, but were not found
nally when the beetle was further dissected. These
ngs indicate a phoretic association with the beetle. As
dauer larvae were isolated from beetles, while adults
larvae were present in the fruiting bodies, we infer
C. monodelphis sp. n. exit from dauer within the
hroom, develop to adulthood and start to reproduce.
food source of the species in natural conditions is not
n, but they survive and reproduce easily on E. coli
0 in culture.

me sequence of an inbred strain of Caenorhabditis
odelphis sp. n.
sequenced the genome of an inbred strain (JU1677)
. monodelphis sp. n. using Illumina sequencing tech-
gy to ~110x coverage. The genome was assembled
6,864 scaffolds, spanning 115.1 Mb with a scaffold
of 49.4 kb (Table 2). CEGMA (Core Eukaryotic Gene
ping Approach) [40] scores suggested the assembly is
igh completeness. We predicted 17,180 protein coding
models using RNA-Seq evidence. These statistics,

the overall gene content and structure of the assembly
largely in keeping with those determined for other
orhabditis species. The genome was larger than that
. elegans and C. briggsae, which are hermaphroditic
ies, but smaller than that of C. remanei, a gonochoris-
pecies.
e carried out preliminary comparisons of the structure
content of the C. monodelphis sp. n. genome with
e of other sequenced Caenorhabditis species. The
ber of genes identified was lower than estimates for
t other Caenorhabditis species. To compare the gene
tures of C. monodelphis sp. n. to that of C. elegans,
dentified 6,174 orthologous gene pairs and calculated
structure statistics (Table 3, Fig. 5.). To minimize bias
erroneous gene predictions (such as merged or split
s), orthologous gene pairs which differed in CDS
th by 20% were considered outliers. C. monodelphis
. genes were typically longer than their orthologues in
legans. We also found a clear trend toward more
ng exons per gene in C. monodelphis sp. n. than in
legans (Fig. 5a). A few examples of C. monodelphis
. gene models compared to those of orthologues in

legans are shown (Fig. 5b). Although introns are, on
age, shorter in C. monodelphis sp. n. than in C. elegans,

LOGIES_________________________
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Table 2 Genome assembly statistics for C. monodelphis sp. n. and other Caenorhabditis species

Species C. monodelphis C. brenneri C. briggsae C. elegans C. japonica C. remanei C. sinica C. tropicalis

Version 1.0 WS254 WS254 WS254 WS254 WS254 WS254 WS254

Mating type gonochoristic gonochoristic hermaphroditic hermaphroditic gonochoristic gonochoristic gonochoristic hermaphroditic

Strain JU1667 PB2801 AF16 N2 DF5081 PB4641 JU800 JU1373

Span (Mb) 115.12 190.37 108.38 100.29 166.25 118.55 130.76 79.32

Scaffolds (n)a 6,864 3,305 367 7 18,808 1,591 11,966 660

N50 (kb) 49.4 381.96 17,485.44 17,493.82 94.15 1,522.09 25,564 20,921.87

Genes (n) 17,180 30,660 21,814 20,362 29,964 26,226 34,696 22,326

GC (%) 43.9 38.6 37.4 35.4 39.2 37.9 39.5 37.7

CEGMA complete/
partia

89.11/ 97.98 98.39/ 99.60 97.98/ 99.19 96.77/ 99.19 78.63/ 97.18 94.35/ 98.79 95.56/ 99.60 97.18/ 98.79
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W
onodelphis genes typically have a longer total span of
ns than C. elegans transcripts (Table 3, Fig. 5.).

onodelphis sp. n. is sister to other known
orhabditis
clustered a total of 634,564 protein sequences from
onodelphis sp. n., twenty-two other Caenorhabditis
ies, and two rhabditomorph outgroup species (Oscheius
ae; data courtesy of M. A. Félix, and Heterorhabditis
eriophora) to define putative orthologues. We identified
25 putatively orthologous groups containing at least
members, 303 of which were either single copy or ab-
across all 25 species. These single copy orthologues
aligned, and the alignments concatenated and used to
rm maximum-likelihood and Bayesian inference ana-
using RAxML and PhyloBayes, respectively. Both ana-
methods resulted in an identical topology, with the
ment of C. monodelphis sp. n. arising basally to all
r Caenorhabditis species (Fig. 6). All branches had
imal support except for three nodes within the Elegans
r-group. Our analysis included data from several new
currently undescribed putative species of Caenorhabdi-
ncluding C. sp. 21 which is the sister taxon to the Dro-
ilae plus Elegans super-groups and C. sp. 31 which

26
sin
th
te

St
O
wh
th
pa
gr
ly
m
so
th

hy
so
ul
lo
po
m
wi
pl

l (%)

olds shorter than 500 bp were not considered
s the first branch in the Elegans super-group. C. sp. 38
aced within the Drosophilae super-group, while C. sp.
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e 3 Gene structure comparison of orthologous gene pairs
C. monodelphis sp. N. and C. elegans

C. monodelphis sp. n. C. elegans

length (bp) 3359 2854

g exon length (bp) 109 144

g exon count (n) 10 6

pan (bp)a 1167 1182

length (bp) 69 76

intron span per gene (bp) 1918 1187

lues are medians
logous gene pairs which differed in CDS length by 20% were
cluded

______________________ WORLD TECHNO
T
. sp. 32 (sister to C. afra) and C. sp. 40 (sister to C.
a) are all members of the Elegans super-group. From
analyses we conclude that C. monodelphis sp. n. is sis-

o all other known Caenorhabditis.

species pattern reconstruction
phylogenetic analyses were based on species with
le genome data available, and thus did not include
full known diversity of the genus. The stemspecies
rn was reconstructed based on ingroup and out-
p comparison. Previous molecular phylogenetic ana-
of Caenorhabditis species using a small number of

ker genes [10] placed C. monodelphis sp. n. and C.
rae [41] as sister species, again arising at the base of
enus.
e following morphological synapomorphies can be
thesised to support a C. monodelphis sp. n. – C.
rae clade: mouth opening triangular (Fig. 4b), spic-
aving a complicated tip (notched or dentated) and a
ish thin walled “window” in the blade (Figs. 1i, 4l),
cloacal sensilla being filiform (Fig. 4k), and the fe-
tail shortened to less than three times anal body

h. Other similarities between both these species are
omorphic.
enorhabditis and its sister group constitute the
ophylum Anarhabditis within the Rhabditina. For
enience, we will call the sister clade of Caenorhab-
Protoscapter (Fig. 7): it comprises “Protorhabditis”,
ontorhabditis, Diploscapter and Sclerorhabditis [42].
econstruct the characters of the stemspecies of Cae-
abditis it is necessary to consider the morphologies
l these taxa, and not only the taxa for which we have
cular data. “Protorhabditis” is paraphyletic. The
uroides group is sister taxon of Prodontorhabditis
44], and the Xylocola group may be sister taxon of
oscapter/Sclerorhabditis. However, the two species
orhabditis elaphri (Hirschmann in Osche, 1952) and

istis [45] appear to represent basal branches in Pro-
apter (compare [43]). These last two species, despite

LOGIES_________________________
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Fig. 5 Comparison of exon counts in single-copy orthologues between C. monodelphis sp. n. and C. elegans. a Exon counts in 6,174 single-copy
orthologous gene pairs. C. monodelphis sp. n. genes which had transcripts with CDS lengths 20% longer (orange) or shorter (black) than C. elegans
were defined as outliers. Linear regression lines are shown. Inset: Frequency histogram of log2 ratio of C. monodelphis sp. n. exon counts to C. elegans
exon counts. b Comparison of gene structures of five orthologous gene pairs. Three gene pairs were selected at random and a further two were
sele
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paucity of information available for them, are crucial
omparisons that will illuminate the stemspecies pat-
s of Anarhabditis, Protoscapter and Caenorhabditis.
ingroup comparison we reconstruct the following

acters of the stemspecies of Anarhabditis without
rentiating them into apo- or plesiomorphies (on
orphies see the legend of Fig. 7):

m
go
bu
tra
−
am
le

cted because they showed a large divergence in exon count
adults of small size (less than 1 mm); − lips not off-
rom anterior end; − four cephalic sensilla present in

ovip
male

______________________ WORLD TECHNO
and female; − stoma with pharyngeal sleeve (ste-
om length nearly that of gymnostom); − median
of pharynx strongly developed, corpus intima with

sverse ridging, terminal bulb with double haustrulum;
nochoristic; − female tail elongate conoid; − gonads
hidelphic, the anterior branch right and the posterior
of intestine; − vulva at midbody, a transverse slit; −

arous, usually only one egg at a time in the uteri; −
gonad on the right side, reflexed to the ventral; −

LOGIES_________________________
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Fig. 6 Phylogenetic relationships of Caenorhabditis species and two outgroup species. Maximum-likelihood based tree from RAxML. Bootstrap
support values (1000 replicates) were 100 all branches, unless noted otherwise as numbers on branches. Bayesian Posterior Probabilities were 1
for all branches and are not shown. Coloured boxes indicate supergroups, as defined in [3]. Strain names from which protein sequence were
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Wa peloderan and anteriorly open, oval-shaped in ven-
view, with smooth margin, terminally not notched; − 9

of even genital papillae, two precloacal largely
ed, GP3–6 evenly spaced, the last three GPs forming a
cluster; GP1, GP5 and GP7 terminate on the dorsal
ce of the bursa velum; − phasmids open behind GP9,
nspicuous; − bursa formula thus v1,v2/v3,v4,ad,v5
6,v7)ph; − male tail tip present; − 1 + 2 circumcloacal
illa inconspicuous, precloacal lip simple; − spicules
rate, stout, head not rounded, behind the shaft a slight
ral projection, dorsal part of blade weakly cuticu-
ed (velum), its tip possibly not even (argued below); −
rnaculum simple spatulate; − dauerlarvae with double
le (ensheathed), not waving.

ussion
nomy of Caenorhabditis monodelphis sp. n.
orhabditis monodelphis sp. n. is a new species of
orhabditis supported by its phylogenetic position as
red from 303 molecular markers, morphology, habitat
specific association with Cis castaneus (Coleoptera).
phologically, it could be confused with “Protorhabditis”
ies because of the absence of a clear glottoid apparatus.
ottoid apparatus has been lost 5–6 times independently
in “Rhabditidae” [46] and, as illustrated here, also in C.
odelphis sp. n. This species resembles species from
torhabditis” with a very long stoma without glottoid ap-
tus, but differs from the Oxyuroides-group within “Pro-
abditis” in having an open bursa and GP1 not anterior
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ived are noted
e bursa. It is differentiated from the Xylocola-group
in “Protorhabditis” in having nine genital papillae.

ship
[10]

______________________ WORLD TECHNO
Teviously, Caenorhabditis has been characterised as
ng the following apomorphic characteristics: the
ence of a dorsal velum on the spicule, a lateral field
three ridges, an unsheathed dauer juvenile and a
tly thickened GP6 [42]. With the discovery and de-
tion of C. monodelphis sp. n. the number of lateral
es is no longer an apomorphic character of Caenor-
itis, since C. monodelphis sp. n. only has one lateral
e.

ciation with fungivorous beetles
ies of Caenorhabditis are known to occur in soil,
post, cadavers of insects, some plant material and
intestine of birds [10], and can most easily be iso-
from rotting fruits, flowers and stems [3]. Caenor-
itis elegans has also been found infesting cultures of
mushroom Agaricus bisporus [47]. Wild mushrooms
an under-explored habitat for this genus, but our
ed geographical sampling indicates that they could
n important habitat. Caenorhabditis monodelphis sp.
as present in galleries made by Cis castaneus inside
oderma applanatum in Belgium, Norway, Germany
in an old fruiting body of Fomes fomentarius in
ium. Although the true distribution of C. monodelphis
. is not yet known, it is expected that this species will
ound throughout Europe where Ganoderma (or in
r extent Fomes) co-occurs with the mycophagous
le Cis castaneus.
at Caenorhabditis species have phoretic relation-

s with insects and other invertebrates is well known
. For C. monodelphis sp. n., all records are from

LOGIES_________________________



mus
feren
the
prop
gene
by t
mon
ively
beet
ship
appe
gani
Futa
foun
cha
fest
foun
Agar
mus
eral
USA
How

to fe
are
[51],
man
Caen

Geno
sp. n
Usin
vanc
first-
from
sem
is re
prop
only
the n
than
with
gous
struc
mon
codi
gene
acco
mon
mor
elega
or g

m
r m
on
ru
tro
te
ci
ne
th
m
he
fer

yl
yl
go
qu
tg
ag
sa
e
he
u

Fig. 7 Stemspecies pattern reconstruction. Legend for the cladogram:
Black squares indicate the following apomorphies: 1) Glottoid apparatus
transformed, sectors of metastegostom not spherically protruding; −
median bulb prominent oval; − GP3 shifted posterior of cloacal level
(only two precloacal papillae present); − GP7–9 clustered; − spiculum
blade dorsally velum-like. 2) GPs 3–6 clustered, but with small gaps in
between; − GP6 thickened, its tip embedded within the bursa
velum; − posterior part of bursa velum with “wash-board pattern”
(transverse striae); − spiculum shaft with transverse seam; − dauerlarvae
unsheathed. 3) Stoma triangular in cross section; − spiculum terminally
notched or dentated and with an oval “window” in the blade; −
postcloacal sensilla filiform; − shortening of the female tail. 4) Adult
cuticle lateral with 3 longitudinal ridges; − sexual dimorphism in cephalic
sensilla: they are lost in the female (not projecting to the exterior); − each
sector of metastegostom with a triangular flap projecting into the buccal
cavity; − precloacal lip anteriorly framed. 5) Gymnostom extended and
stegostom shortened, so that only a remnant of the pharyngeal sleeve is
pres
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W
hroom fruiting bodies that are also inhabited by dif-
t insect groups, and dauer larvae were found under
elytra of Cis castaneus. Based on this evidence, we
ose that C. monodelphis sp. n. propagates in galleries
rated by Cisidae and the dauer larvae are transported
hese beetles to uninfested mushrooms. Records of C.
odelphis sp. n. in both Ganoderma and Fomes, respect-
the preferred [9] and the known [48] host indicate a
le-specific rather than a mushroom-specific relation-
. The only other known Caenorhabditis species which
ars to be phoretically associated with fungivorous or-
sms, most likely insects, is C. auriculariae Tsuda &
i, [49] of the Elegans super-group. This species was
d only once in the fruit bodies of Auricularia polytri-
(Agaricomycetes) in Japan, but the vector needed to in-
the mushroom is unknown [49]. C. elegans was also
d to infest cultures of the champignon mushroom
icus bisporus [47], but most likely originated from
hroom compost where it can be frequently found. Sev-
samples of different mushrooms on wood in Europe,
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ent; − gubernaculum distally forked (only presumed for P. tristis)
and Japan did not yield other Caenorhabditis spp.
ever, given that many more insect species are known
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ed and reproduce on mushrooms [50] and Rhabditida
known to use insects as a phoretic transport carrier
it is possible that mushroom species are habitats for
y other rhabditid species, including new species of
orhabditis.

me sequence and gene structures of C. monodelphis
.
g next generation sequencing technologies and ad-
ed bioinformatics toolkits, we have generated a good
draft genome sequence for an inbred line derived
the type strain of C. monodelphis sp. n.. Although as-

bly metrics and CEGMA scores indicate the assembly
latively contiguous and complete, it is likely that a
ortion of C. monodelphis sp. n. genes are assembled
partially. This may have affected gene prediction, with
umber of predicted gene models (17,180) being lower
estimates from most other Caenorhabditis species
available sequence data [25]. Comparisons of ortholo-
gene pairs revealed a significant divergence in gene
ture between C. monodelphis sp. n. and C. elegans. C.
odelphis sp. n. genes are typically longer, contain more
ng exons and a longer span of introns than C. elegans
s (Table 3). This increase in gene length may, in part,
unt for the difference in genome span between C.
odelphis sp. n. and C. elegans. The clear trend towards
e coding-exons in C. monodelphis sp. n. relative to C.
ns (Fig. 5) could be explained by extensive intron loss
ain in either species. Previous studies using a small
ber of genes have shown that intron losses have been
ore common in Caenorhabditis evolution than in-
gains [7, 52, 53]. Thus, it is possible that the gene

ctures seen in C. monodelphis sp. n. reflect an
n-rich ancestral state, and intron loss has predomi-
d during the evolution of C. elegans. In Pristionchus
ficus, which is distantly related to Caenorhabditis,
s typically have roughly twice as many introns as their
ologues in C. elegans [54]. Further analysis using ge-
es from more closely related outgroup species and
r Caenorhabditis species is necessary before we can
the dynamics of intron evolution in the genus.

ogenetic analyses
ogenetic analysis of 303 clusters of putatively ortho-
us protein sequences derived from whole genome
ence data of 23 species of Caenorhabditis and two
roup species resulted in a well resolved phylogenetic
ram and confirmation of C. monodelphis sp. n. as
l to all other analysed Caenorhabditis species (Fig. 6).
topology is largely congruent with previously pub-
d analyses performed using a smaller number of mo-
lar loci [1]. However, in contrast to the analyses of

tke et. al. [1] and Felix et. al. [2] which show C. bren-
and C. doughertyi as sister species, our phylogenetic
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thesis places C. doughertyi as more closely related to
allacei and C. tropicalis. This node, however, has low
strap support. Genome sequencing projects for several
orhabditis species, including those from the currently
r-sampled Drosophilae super-group, are currently
erway. These data will be essential to resolving the
ogenetic relationships of this important genus where
phology can be misinformative and/or misleading.

nstruction of stemspecies pattern
ils of our inference of ASR depends on the place-
t of P. elaphri in “Protorhabditis” versus as sister
n of Anarhabditis (because of its distinct pharynx
phology) (Fig. 7). Molecular data resolving this issue
rgently required. Caenorhabditis monodelphis sp. n.
P. elaphri share a conspicuously long and narrow
a due to an extended stegostom (long pharyngeal
e) without a glottoid apparatus (bulging of the three
rs of metastegostom) and one ridge in the lateral
. Based on current evidence, we interpret these pe-
r similarities as homologous and thus as further
acters of the Anarhabditis stemspecies as well as the
orhabditis stemspecies. The narrowing of the buc-
avity could have restricted the formation of sectoral
lings of the metastegostom, so that the typical glot-
apparatus disappeared. This happened in parallel in
habditid Matthesonema eremitum [55]. The hypoth-
of a reduction of the glottoid apparatus and its den-
s in the stemspecies of Anarhabditis is in conflict
the structure of the metastegostom in most species
aenorhabditis, where it looks like a transformation
glottoid apparatus [39], and in C. sonorae is credibly
ribed as a glottoid apparatus [41]. To solve this con-
we must assume a partial reversion both in C. sonorae
in the sister-lineage of C. sonorae/C. monodelphis sp.
owever, instead of proposing two independent rever-
s, the possibility of an independent reduction of the
oid apparatus in Protoscapter and C. monodelphis sp.
mains an equally parsimonious alternative. A reinves-
ion of P. elaphri could resolve this question.
the stemspecies pattern of Anarhabditis the morph-
y of the tip of the spicules remains unclear. In the
ription of P. elaphri some drawings show the tip to be
ly pointed [45], but in other drawings (Figure twelve m
5]) it is terminally notched. In P. tristis, I Andrássy
depicted a small terminal hook. These characters
not mentioned in the text in either species’ descrip-
Nevertheless, the dentation of the spicule tips in the
branching Caenorhabditis sonorae/C. monodelphis sp.
different and distinct enough to judge this character
napomorphic for these sister species (Fig. 7). Starting
the characters of the last common stemspecies of
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these species, in C. sonorae the lateral ridge must
been reduced, so that its lateral field is smooth, and
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male tail tip was retracted, so that the tail ends ob-
ly between the last GPs. In C. monodelphis sp. n. both
e characters remain plesiomorphic, but the female
erior gonad branch is in the process of reduction. The
ogical requirements of C. sonorae (inhabitant of cactus
and C. monodelphis sp. n. (living in the tunnels of
ae beetles in bracket fungi) are so different, that no
ment on the ecology of their last common stemspe-
is possible. However, as P. elaphri and C. monodelphis
. exhibit a phoretic relationship with beetles and their
r larvae seek a place under the elytra, we cautiously
est that this behaviour could be found in the stem-
ies of Anarhabditis and that of Caenorhabditis,
ectively.
ansformations from the stemspecies pattern of
rhabditis to Caenorhabditis can be traced in the
ogram (Fig. 7). With respect to the hypothesis of the
species pattern of Caenorhabditis formulated by W
aus and K Kiontke [39] only the character of the
al field must be revised: a single ridge in the lateral
of adults must be assumed in the stemspecies pat-
of Anarhabditis and of Caenorhabditis, respectively.
refore, the evolution of three lateral cuticular ridges
t have occurred first within Caenorhabditis (Fig. 7).

enerative evolution towards monodelphy
uely for Caenorhabditis species, in C. monodelphis
. the posterior female gonad branch has been re-
d to a blind sac without gamete forming function.
vestigial branch serves mainly in storing sperm. In
rast to most mono-prodelphic rhabditids, the vulva
t shifted posteriorly in C. monodelphis sp. n.. A relict
erior gonad together with a nearly median vulva also
rs in Oscheius guentheri (Sudhaus & Hooper, 1994)
and an undescribed Diplogastrellus species from India
haus, unpublished data). Remarkable, in all these
s the anterior branch does not extend into the body
erior to the vulva, in contrast to monodelphic cepha-
s, panagrolaimids and the rhabditid Rhabpanus. In
bpanus ossiculus Massey, [58] and R. uniquus Tahseen,
na, Khan & Hussain, [59] the prodelphic reflexed
d reaches almost to the rectum while the vulva is lo-
d at 65–69% of body length and a short post-uterine
illed with sperm is present [58, 59]. In contrast to spe-
of Acrobeloides, Cephalobus, Mesorhabditis and Pana-
imus, the posterior branch of the gonad of O.
theri is not reduced by apoptosis of the distal tip cell
and the vestigial branch is very variable within this
ies [57]. These patterns argue for a relatively recent
ction in O. guentheri. Based on the similarities (in the
le gonad and nearly median vulva) between C. mono-
his sp. n. and O. guentheri, the gonadal system of fe-

C. monodelphis sp. n. may also represent a relatively

nt evolutionary shift.
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clusions
basal position and the unique characters of C.
odelphis sp. n. in the genus Caenorhabditis and its
larity with the hypothetical ancestor of Caenorhabditis
es C. monodelphis sp. n. a key species for future evolu-
ry and developmental studies within Caenorhabditis.
ortantly we present here, alongside traditional morpo-
al diagnosis of this new species a complete genome
, which we believe is the first time this has been done
metazoan species description. Release of the draft

me sequence of C. monodelphis sp. n., along with its
al description will, we hope, promote forward- and
rse-genetic analyses of its biology. In particular,
PR-Cas9 gene editing technologies, which require se-
ce knowledge for design of targeting oligonucleotides,
mmediately facilitated.
hile publication of marker sequence alongside species
ription is becoming commonplace [61], formal publi-
n of whole genome data alongside species descrip-
s has historically been limited to prokaryotic taxa. In
ryota, this practice is just gaining traction, with the
nt publication of the description of a fungal taxon
genome data (Epichloë inebrians, an ergot fungus
. Additionally, novel arthropod taxa used in phyloge-
ic analyses have had species descriptions published
pendently, but near-concurrently, with their genome
(Mengenilla moldrzyki, a strepsipteran insect [63, 64]
ranscriptome data (the centipede Eupolybothrus
rnicolus [65]). For Caenorhabditis species, where
phology can be misinformative and/or misleading,
ogenomic analyses – and thus determination of
me sequence – will be essential for resolution of
ionships. We suggest that genome scale data allied to
ies description should become commonplace.

note
amed after the monodelphic reproductive system in
emale.
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acking the migration of a nocturnal aerial 

sectivore in the Americas
WT
na A. English1*, Alexander M. Mills2, Michael D. Cadman3, Audrey E. Heagy4, Greg J. Rand5, David J. Green1

Joseph J. Nocera6

stract

ckground: Populations of Eastern Whip-poor-will (Antrostomus vociferous) appear to be declining range-wide.
ile this could be associated with habitat loss, declines in populations of many other species of migratory aerial
ectivores suggest that changes in insect availability and/or an increase in the costs of migration could also be
portant factors. Due to their quiet, nocturnal habits during the non-breeding season, little is known about
ip-poor-will migration and wintering locations, or the extent to which different breeding populations share risks
ated to non-breeding conditions.

sults: We tracked 20 males and 2 females breeding in four regions of Canada using geolocators. Wintering
ations ranged from the gulf coast of central Mexico to Costa Rica. Individuals from the northern-most breeding
and females tended to winter furthest south, although east-west connectivity was low. Four individuals

peared to cross the Gulf of Mexico either in spring or autumn. On southward migration, most individuals
errupted migration for periods of up to 15 days north of the Gulf, regardless of their subsequent route. Fewer
ividuals showed signs of a stopover in spring.

nclusions: Use of the southeastern United States for migratory stopover and a concentration of wintering
ations in Guatemala and neighbouring Mexican provinces suggest that both of these regions should be
nsidered potentially important for Canadian whip-poor-wills. This species shows some evidence of both

apfrog” and sex-differential migration, suggesting that individuals in more northern parts of their breeding
o

2–
la
le
-a
d
g b
e

ge could have higher migratory costs.

ywords: Geolocator, Nightjar, Whip-poor-will, Antrostomus v
-differential migration, Recapture rate, Trans-Gulf

kground
igh latitudes, over 80% of bird species are migratory
Migration increases exposure to novel challenges, in-
ing pathogens, predators, and anthropogenic threats
eographically disparate locations [1, 2]. Cumulatively
nergetic, time, and fatality costs associated with these
journeys can account for most annual mortality for

[1
up
ab
fly
an
in
th
e species [3–5] and can influence survival and prod-
ity in subsequent seasons [6–9]. Depending on the
ive costs and benefits [5, 10, 11], individual strategies
ing to the timing and speed of migration, migratory
es, and winter destinations vary widely both within
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ciferous, Migration, Stopover, Leapfrog,

14] and between species [15–17]. Some birds build
rge reserves of fat to fuel long flights across inhospit-
habitats or barriers [18, 19], while others employ
nd-forage strategies that allow lower weight burdens
reduced time spent at stopover locations [20]. Cross-
arriers, such as large bodies of water, likely increases
time required to build up fuel reserves and increases
associated with abrupt changes in weather, but may
migrants to avoid predation and reduce transit time
ciated with longer over-land detours [21].
igratory strategies that allow individuals to track sea-

l variation in resources may be particularly import-
for temperate breeding aerial insectivores (i.e., birds
specialize in catching and eating flying insects while
themselves are also in flight). In temperate climates,
ct flight periods are ultimately limited by seasonal
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ges in temperature [22]. While some insectivorous
s that pursue dormant prey in sheltered hiding
es can overwinter in temperate regions (e.g., wood-
ers), most aerial insectivores must migrate to ensure
dequate supply of flying insects. Even when prey is
dant, this foraging strategy is sensitive to the high
getic costs of flight for both predator and prey
ng inclement weather. Unseasonably cold, or ex-
e, weather can kill or make prey less accessible to
ators [23, 24]. This sensitivity to weather could
ease selective pressure on the timing, migration
es, and choice of winter habitat [11, 25].
pulation declines among many temperate breeding
lly insectivore birds may be partially due to recent
eases in the frequency of extreme weather events
, interacting with existing costs of migration and a
nce on weather-sensitive prey [27–30]. For example,
-term decreases in body mass found in a declining
low population, which could not be explained by
ges in breeding habitat quality, suggest a carry-over
hange in migration or wintering conditions [31]. In
tion, the degree of connectivity between populations
he breeding and wintering grounds can buffer or ex-
bate a loss of habitat at other locations used through-
the annual cycle [32–34]. Therefore, to understand
mitigate threats to aerial insectivores, it is important
entify the year-round geographic and habitat require-
ts, migratory routes, and temporal constraints of indi-
als belonging to threatened populations [35, 36].
ghtjars may be especially sensitive to inclement wea-
because they are limited to foraging on flying insects
at dawn and dusk, or on moonlight nights, when

e is adequate light to see their prey [37, 38]. The only
species of Neotropical migrant nightjars that occur at
latitudes in North America differ in foraging strategy,
atory distance, and breeding site fidelity, and still both
listed as threatened. The Eastern Whip-poor-will
rostomus vociferous) is a sally-foraging, medium-
nce migrant, with high breeding site fidelity, whose
lations appear to be declining range-wide. Due to
quiet, nocturnal habits during the non-breeding sea-
little is known about when and where changes in food
ability could influence this population. We seek to fill
knowledge gap by identifying wintering locations,
atory routes and stopovers, and variation in timing of
ements, with respect to breeding origin and sex. This
t only the first examination of these parameters for
ern Whip-poor-wills, but the first for any Neotropical
ant nightjar.
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deployed light-logging geolocation tags (Fig. 1), here-
“geolocators”, in four regions spanning a 1000 km
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T
ch of the species’ range in Ontario, Canada: Rainy
r District, Norfolk County, Muskoka District Munici-
y, and Frontenac County (Fig. 2). The Rainy River site
49–59’N 94° 0–21’W) consisted of a 40000-hectare
aic of agriculture, poplar (Populus sp.), coniferous for-
logged areas, and wetlands. The Norfolk County site
42’N 80° 21–28’W) was St. Williams Conservation
rve, which consists of two forest patches totaling
hectares of pine-oak sand barrens and pine reforest-
in a zone of intensive agriculture. The Muskoka

ict sites (including portions of neighbouring Parry
d District and Simcoe County; 44° 22–56’N 79° 08–
) contained extensive pine-oak rock barrens. The
tenac County site (44° 28–34’N 76° 20–25’W) was
en’s University Biological Station, which consists of
3200 hectares of deciduous forest and abandoned
land in various stages of succession, both with
ered small rock barrens.

methods/geolocator deployment
captured and banded adult/after hatch-year whip-
-wills between 5 May and 25 July in 2011–2013. We
ured male whip-poor-wills at night using mist nets
song playback at all sites. We only targeted females
rontenac, where we captured them on nests by
ing a soft mesh fishnet over them while they were
bating. All birds received a numeric aluminum
and issued by the Canadian Wildlife Service.
olocator tags record and store time and light-level
that can be used to estimate latitude and longitude
d on sunrise and sunset timing. Birds must be
ptured to retrieve the tags and download the data.
deployed 65 LightBug geolocator tags (Lotek, New-
ket, Ontario, Canada; Fig. 1) during the 2011 and
breeding seasons. We fitted tags to individual birds

n covered the light stalk much of the time. Photo credit: PA English
g a leg loop harness [39] made of 2.5 mm Teflon
on and secured with a cyanoacrylate-glued square

LOGIES_________________________
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. Total weight of the tag and gear was approximately
g. We deployed 59 tags on males (Rainy River: 5,
folk: 14, Muskoka: 24, Frontenac: 16) and 6 on
les. Six returning males received tags in two con-
tive years. Whip-poor-wills captured in this study
hed 46.7–67.5 g (mean = 57.8 g), but no birds
hing < 54 g were fitted with geolocators. Geolocators
harnesses amounted to 4–5% of body mass [40,

An additional 36 birds weighing > 54 g were banded,
did not receive geolocators (Rainy River: 10, Norfolk:
ontenac: 24).

pture/return rates
compared the combined effect of survival and site fi-
y for banded birds with and without geolocators.
attempted to recapture birds at all sites and banding
tions where birds had been fitted with geolocator
the previous year, but effort varied in duration, date,
n phase, and weather between sites and years. To

ad
da
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in

an
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an
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tu
av
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5°
fe
m
th
tim
to

y River, green: Muskoka, red: Frontenac, orange: Norfolk), and
pes indicate sex (open squares: male, filled circles: female)
eve tags from females, we searched for nests on all
tories on which females were tagged in the previous

We
for s
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. We also attempted to capture birds in territories
cent to those where geolocators had been deployed
previous year. We were unable to recapture all birds
pying sites where geolocators had been deployed
previous year; therefore, we estimated return rates
for territories on which individuals of the same sex
successfully captured in two consecutive years.

ocator analysis/data processing
tBug geolocators were programmed to record the
sity of blue light every 8 min for up to one year.
izon clutter and clouds affect blue light less than
r wavelengths [42]. Using Lotek’s LAT Viewer Stu-
Software, these recorded light values were compared
a template of how blue light levels should change
ilight and location estimates were produced along
an error estimate based on the fit of the data [43].
template fit method is less sensitive to daily vari-
in cloud cover and ambient light intensity than the

shold method [41, 43–45]. This method also allows
he possibility of estimating latitude during the equi-
although with greater error than at other times of
year. The template fit method is still sensitive to
t term fluctuations in light conditions, including
e resulting from the behaviour of crepuscular ani-
like whip-poor-wills [44]. Because our tags used a
rietary data format and our light-level data was ex-
ely noisy (making it necessary to manually select
h peaks qualified as true sunrises or sunsets for
t analysis packages), we could not easily apply recent
nces in movement modeling, such as FlightR, to our
[45]. Our template fit method instead provided an
ctive way of assessing reliability of individual light
es by incorporating deviations from a smooth curve
error estimates [46].
e used a series of criteria to filter the daily latitude
longitude estimates to exclude points with limited
ision or that were biologically impossible. Latitude
longitude were analyzed independently because they
ond to noise in the light signals differently [43, 47].
, we included only location estimates within the spe-
plausible geographic range (between 0° and 58° lati-
and –60° and –110° longitude). This resulted in

age exclusion of 26% of latitude estimates and 4% of
itude estimates. Second, we excluded points with
r estimates (provided by LAT Viewer) of > 15° and >
r latitude and longitude respectively. We used dif-
t thresholds because estimates of latitude have
e error than estimates of longitude [43, 47]. These
sholds excluded another 20% percent of plausible es-
tes. Third, we removed estimates that required birds
avel > 800 km in a day (similar to Fraser et al. 2012).

chose 800 km as a cut-off distance because it allows
ome error beyond the maximum average migration

LOGIES_________________________
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recorded for small birds of 500–600 km day−1 [48, 49].
lly, we excluded estimates that required a redundant
ement of 800 km (i.e., movements of 800 km away
and back to average weekly longitude or latitude) even

n daily movements were < 800 km. The resulting pro-
ion of missing days per bird per year averaged 31%
e: 4–72%) for longitude and 62% (range: 37–93%) for
de. To evaluate the accuracy of these location esti-
s we compared capture locations with average longi-
and latitude values obtained for the breeding season
May to 31 Aug). The average difference between
ian of breeding season estimates and the actual capture
ion was -0.20° (-2.96°–0.93°) for longitude and –0.43°
0°–2.17°) for latitude [see Additional file 1: Figure S1].

ering range
alitative examination of latitude and longitude esti-
s plotted independently against time (see [Rakhim-
iev et al. 2016] for example plots) provided no
ence that whip-poor-will used multiple wintering
(i.e. no shifts away from the median value that con-
ntly exceeded the variance in our estimates). There-
, we defined wintering location of each bird as the
ian latitude and longitude estimates obtained
een 15 Dec (the latest date individuals arrive on
wintering grounds, see Results) and 28 Feb (day

re the earliest estimated start of spring migration,
Results). We illustrate the uncertainty in this
ate using interquartile ranges.

atory behaviour
Ontario whip-poor-wills, departure from both

ding and wintering grounds occurs near the equi-
s, so longitude data were used to estimate the start
igratory behaviour for birds from the more eastern
y sites (Norfolk, Muskoka, and Frontenac). The two
y River birds were not included in this analysis
use their tags did not detect any longitudinal move-
t at the start of autumn migration and both tags
ped collecting data prior to spring migration. Lati-
data were used in estimating the end dates of

ation only when the wintering/breeding latitude was
hed after reaching the wintering/breeding longitude.
e to variation in the number of retained location
ates, and the variance in the precision of these esti-
s, we used a range of dates to estimate migratory
sitions. We defined the start of migration as the
point between the last day in a series of 2 consecu-
samples (< one week apart) that are within 1 stand-
deviation of the mean breeding ground longitude
probability that the bird is still at the breeding

nd longitude) and the day prior to first 2 consecu-
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ability that the bird is no longer at breeding ground
itude). Similarly, arrival on the wintering grounds
defined as the midpoint between the last day in a
s of 2 consecutive samples that are in the direction
revious movement and outside 1 standard deviation
e wintering longitude and latitude (68% probability
the bird is not yet at the wintering longitude) and
first 2 consecutive samples that are within 1 stand-
deviation of mean wintering longitude (68% prob-
ty that the bird has reached wintering longitude).
threshold produces a larger and more conservative
e of estimates for departure/arrival dates than a 95%
ability threshold. The degree of uncertainty in each
ese estimates was defined as the number of days
een the two dates used to calculate each midpoint.
statistical analysis, we excluded those estimates
> 7 days uncertainty.
hile the lack of latitude estimates for many days dur-
this migratory period makes identification of precise
atory routes impossible, broad patterns in the dur-
of migration, stopover use, and route around the
of Mexico were identifiable for some individuals.
defined duration of migration as the time between
stimated start and end of autumn and spring migra-
s, including any time spent at stopover locations.
ation estimates derived from start and end dates
total combined uncertainty of > 14 days were

uded from further analysis. Stopovers were identified
isual inspection of temporal changes in longitude to
tify periods of at least 4 days without any consecu-
days with forward progress of > 2° longitude.
least 3 days would be required for a bird flying at a
imum of 500 km/day (487 km/day was maximum
estimated for another nightjar Caprimulgus

paeus [50]) to travel the 1500 km of the gulf shore-
that lies furthest west, between 95° and 98°W.

refore, flight over some portion of the Gulf of
ico was assumed to have occurred where mean win-
g latitude was south of 25°N and east of 95°W, and
n < 3 consecutive samples during the migratory
d were west of 95° and any periods of missing data
ng this stage of migration were also < 3 days.
total, we were able to estimate: timing of departure
breeding longitude for 11 individual annual cycles
folk: 1, Frontenac: 7, Muskoka: 3), arrival at winter
itude for 15 (Frontenac: 8, Muskoka: 7), duration of
mn migration for 11 (Frontenac: 7, Muskoka: 4),
rture from wintering longitude for 7 (Norfolk: 1,
tenac: 2, Muskoka: 4), duration of spring migration
1 (Norfolk: 1, Frontenac: 5, Muskoka: 6), and arrival
reeding longitude for 15 (Norfolk: 1, Frontenac: 7,
koka: 7). We were able to estimate the location and

spent at stopover sites for 12 autumn (Frontenac: 6,
koka: 6) and 4 spring migrations (Norfolk: 1,

LOGIES_________________________
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other continued west to winter on the gulf coast of
exico (19°N, 98°W; QU907), 8 individuals travelled

ig. 3 Winter location for three males each with two years with >
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tenac: 2, Muskoka: 1), and to determine whether in-
uals crossed or travelled around the Gulf of Mexico
2 autumn (Frontenac: 5, Muskoka: 7) and 10 spring
ations (Frontenac: 3, Muskoka: 7).

stical analysis
examined i) the correlation between the wintering
des and longitudes with the breeding origins for all
s (if data were obtained for two years we used the
with more winter locations), ii) sex differences in
er latitude and longitude using data from birds cap-
d in central Ontario (Muskoka and Frontenac sites
share similar latitude and habitat types), and iii)
annual variation in wintering latitude for males
ed twice. For all tracks with sufficient daily reso-
n (see Migratory Behaviour), we classified migratory
es qualitatively and estimated duration of stopovers.
lly, we estimated i) the variation among individual
s in the departure, arrival, and duration of autumn
spring migration (when timing did not differ signifi-
ly between years, we pooled inter-individual vari-

in migratory timing across years), and ii)
annual variation in the timing of migration for
s tracked twice. We report raw differences in timing
een the sexes, but do not apply statistical tests due
e small sample sizes. We used non-parametric stat-
al tests (Kendall rank correlation or Wilcox rank
tests) in R [51].

lts
rn rates
captured territorial males at 45 of the 59 sites where
olocator was deployed in the previous year, and in
f those 45 cases we recaptured the same individual.
retrieved two additional tags: one two years after it
deployed, and one from a male that had moved to
djacent territory. We captured a territorial male at
f the 36 sites where males weighing > 54 g were
ed but did not receive geolocators; 12 of these were
rning males. A combination of annual survival and
tory fidelity resulted in territory specific return rates
1% (23 of 45) for males with geolocators and 63%
of 19) for banded males without geolocators (chi-
re = 0.68, df = 1, p = 0.41). We only captured females
3 territories in which females were tagged the
ious year and 2 (67%) were returning females.

ering range
t data were recorded on 24 of 25 geolocator tags
eved from males, and both tags retrieved from
les. Four males were tracked successfully for two
ecutive years. Therefore, we determined the winter
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tions for 22 individual birds [see Additional file 2:
e S1]. These locations ranged from the gulf coast of

20
tria
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ral Mexico to Costa Rica (Fig. 2). Median wintering
des for 20 males ranged from 10° to 30°N (10° to
for 15 males with > 20 estimates). Males from more

hern breeding sites wintered further south (Kendall’s
correlation tau = -0.33 z = -2, p = 0.04, N = 20).

ale median wintering latitudes were 9° and 10°N,
h are both farther south than all but one male from
lar breeding latitude (Wilcox rank sum W= 3, p =
, N = 15, 2). Median wintering longitudes ranged
–86° to –98°, were not related to breeding longi-
for males (Kendall’s rank correlation tau =–0.005, z
.03, p = 1, N= 20), and did not differ between the
s (Wilcox rank sum W= 24, p = 0.2, N= 15, 2).
e of the four males tracked in two years appeared
verwinter in the same location; interquantile ranges
both latitude and longitude estimates overlap
een years (Fig. 3). The winter site fidelity of the
aining male was uncertain because we only obtained
ates of its winter location for 7 days in 2012/13.

atory route and stopovers
utumn, ten individual males (including both years
ne bird) and both females, all from central Ontario
lations, appeared to stop migrating for between 4
15 days along the north coast of the Gulf of Mexico
een 83° and 96°W (pooled median = 30°N, 89°W;
4a). After these stopovers, one male crossed the gulf,
days of winter latitude and longitude estimates (squares: 2011,
ngles: 2012) displayed over country and shoreline boundaries [90]

LOGIES_________________________
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Whwest around the gulf and then east into southwest-
Mexico or Central America, and for two the path
uncertain. Another male crossed the Gulf of Mexico
ng southward migration without stopping for a
ctable length of time (4 days). One female and 1
appeared to stopover a second time south of the
of Mexico (26–13°N, 91–94°W) before continuing
h another ~5° latitude.
spring, one female appeared to stop on the Yucatan
nsula for 10 days (1–11 Mar) and showed evidence
6-day stopover north of the Gulf (1–7 May), but it
unclear whether she crossed or circumnavigated the
. Three males, at least one of which circumnavigated
Gulf, showed evidence of a stopover north of the
for between 7 and 12 days at a median of 30°N and
(start: 2–22 Apr 2012; end: 8–29 Apr 2012;

4b). Two males crossed the Gulf without evidence
y stopovers.

tion in timing
ss all males, variation in timing of migratory behav-
was much less (<18 days) for both departure from
arrival at breeding longitudes than for arrival at and
rture from wintering longitudes (>38 days; Fig. 5),
overall duration of spring and autumn migration
not different (autumn: median = 42.5, range = 26.5–
pring: median = 37, range = 23–58; W = 31, p = 0.4).
val dates on both wintering and breeding grounds

gr
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bo
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da

(open squares: male, filled circle: female) are the same as in Figure 2
not correlated with timing of departure, or winter-
atitude or longitude (all p > 0.2).

Fig
site

______________________ WORLD TECHNO
Tean male dates of departure from the breeding
nds, departure from the wintering grounds, and return
e breeding grounds did not differ between years (N ≥ 6
2, p ≥ 0.1). However, males arrived at their wintering
itude later in 2012 than 2011 (mean = 1 Dec and 9 Nov
ectively, N= 10 and 4, p = 0.02). Only one individual
ntenac 898 in Fig. 3) had reliable timing estimates for
years; he left the breeding grounds earlier (3–9 days),
arrived on (7–15 days) and left from (1–33 days) the
ering grounds later in the 2012/2013 non-breeding
n than in the previous year. In contrast, this male
. 5 Variation in the timing of migration for males from all breeding
s (except Rainy River)

LOGIES_________________________



In
ing
(mea
tude
The
male
(19.1
dista
shor
Mus
relia
a m
trave
whe
migr
dura
In

ing
Mar
19 A
migr
that
arou
mea
Gulf
only
an a

Sex
The
pear
spen
vers
ing
from
fema
75 d
arriv
a m
Neit
seas

Disc
Wint
Our
mor
ence
migr
thre
bree
bree
their
“leap
nort

e
e
red
ec
ut
ip
re
rt
rce
ua
g w
r r
ly
n
ge
ov
ee
lth
ec
je
pu
p
ffe
t
Bo
ffe
d
etr
b

gh
ou
w
ee
le
rli
un
b
lly
m
m
so
ati
ip
ul
Fo
olo
e
i

ns
nr
is
ut

58 Zoology: A Comprehensive Approach

___
W

autumn, male whip-poor-wills departed from breed-
longitudes in Ontario between 25 Sept and 11 Oct
n = 2 Oct, N= 9). They arrived on wintering longi-
s between 2 Nov and 3 Dec (mean = 16 Nov, N= 12).
minimum duration of travel was 27 (± 4) days for a
from Frontenac, which wintered in central Mexico
1°N, 97.91°W), covering an estimated minimum
nce of 2260 km at a rate of 135 km/day. The next
test duration of 32 (± 1) days belonged to a male from
koka, which wintered furthest south of all males with
ble duration estimates at (13.9°N, 90.25°W), requiring
inimum travel distance of 3637 km, and yet also
lled an average of 135 km/day. We could not assess
ther males that crossed the gulf spent less time on
ation, because no birds with ≤ 14 days uncertainty in
tion appeared to cross the Gulf.
spring, male whip-poor-wills departed from winter-
longitudes between 1 Mar and 9 Apr (mean = 21
, N= 7). Arrival at breeding longitude ranged from
pr to 7 May (mean = 1 May, N= 13). The shortest
ation time was 23 (± 2) days for a Muskoka male
wintered in Campeche, Mexico and travelled west
nd the Gulf covering an estimated 4160 km at a
n rate of 180 km/day. Of two males that crossed the
, the only male with accurate timing estimates took
24 (± 4) days to cover a minimum of 3650 km for
verage travel rate of 152 km/day.

differences
two females from which we retrieved geolocators ap-
to have departed later than males (1 Oct and 13 Oct),
t more time on autumn migration (53 and 58 days
us mean of 45 days for males), arrived later on winter-
grounds (28 Nov and 5 Dec), and departed earlier
winter longitude (27 Feb and 17 Mar). The two

les also took on average 30 days longer (56 and
ays vs. mean = 36.1, N= 8, SD = 12.6 for males) and
ed at breeding longitudes after 10 May in contrast to
ean arrival of 30 Apr for males (N= 12, SD = 5.65).
her female appeared to cross the Gulf in either
on.

ussion
er location and connectivity
results suggest that whip-poor-wills breeding in the
e northern parts of their breeding range may experi-
different wintering conditions and have higher

atory costs, in terms of energy expenditure, novel
ats, and ability to adjust arrival time to track
ding ground conditions [52], than more southern
ding populations. Whip-poor-wills from sites across
Ontario breeding range showed some evidence of
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south of more southerly breeding individuals, and
vast majority of males. While most individuals win-
within the well-established winter range for this

ies [53], 3 birds (including both females) wintered
h of the Honduras-Nicaragua border, a latitude where
-poor-wills are described as only “a casual to very
winter resident” [54]. Given that Ontario is on the
hern edge of the breeding range, this pattern is rein-
d by these 3 birds appearing to winter south of the
l winter range, and not finding any birds overwinter-
ithin the most northern portions of the known win-

ange (with the possible exception of a single bird with
9 days of winter latitude data). In contrast, both east-
and western-most breeding individuals wintered
ther, concentrated in Guatemala and neighbouring
inces of Mexico, suggesting low connectivity between
ding longitude and wintering location [33, 55].
ough population data for whip-poor-wills lacks the
ision to effectively compare regional population
ctories, given that there are regional differences in
lation trends for other aerial insectivores [56],
frog migration patterns may help explain regional
rences in breeding ground population trends that are
obviously linked to local changes in habitat.
th inter-population leapfrog migration patterns and
rential migration between sexes have been attributed
ifferences in the importance of arrival timing, asym-
ic competition, or differences in cold tolerance due
ody size differences [52]. Males often experience
er net benefits of early arrival on the breeding
nds [57–60] and may therefore accept higher costs
intering further north [52]. Likewise, populations
ding further south may benefit more from being
to track spring phenology more closely [61]. The
er spring arrival and shorter migration times we
d for male whip-poor-wills suggest that early arrival
reeding grounds is more beneficial for males, poten-
allowing occupation of higher quality territories.

ales could be forced to migrate further by lower
petitive abilities, or to exploit more abundant
urces at lower latitudes [52]. However, more infor-
on on winter territoriality and resource use by
-poor-wills is required before these hypotheses
d be fully developed and tested.
r a few individuals, our geolocator data suggest
gically impossible wintering locations that are over
open ocean. Wintering locations estimated using the
ng of dusk and dawn could be biased for two rea-
: i) Steep mountain slopes could consistently skew
ise or sunset by shading from the terrain [47, 62].
could explain the aberrant points if the three

hern-most birds were wintering on a west-facing

e of the continental divide in Central America,
re sunrise was skewed later, causing them to appear

LOGIES_________________________



furth
tion
smo
rem
sout
wint
1.4°)
wint

Varia
It is
over
data
of th
indiv
the
Gulf
and
(http
from
Sim

som
sprin
to b
and
the
gest
wind
rout
less
tailw
subs
whe
dom
Nor
to in
and
arou
with
mor
Sp

migr
[14,
year
[21,
ent
coul
cond
loca
M

were
low
cann
Gulf

E
ic
p
au
p
e
g
ve
rec
ex
ow
g
rth
er
rli
°N
or
a

p
ro
it
er
pu
ion

m
cro
tw
th
ee
ria
ou
rge
tw
titu
ti
e
ke
en
th
rd
lat
pu
tw
nt
M
ve
oi
tra
d
ee

59Tracking the migration of a nocturnal aerial insectivore in the Americas

___
W

er west and north than the actual wintering loca-
. ii) Abrupt changes in light levels can cause
othed light curves to appear steeper than if shading
ained constant. However, this cannot explain our
hern-most points, because this would cause the true
er latitude would be closer to the equator (by up to
than the estimated location, placing the actually

er location even further into the ocean [44].

tion in migratory route and stopover
generally assumed that most whip-poor-wills travel
land through Mexico and Central America [53]. Our
, however, suggest that flights across some portion
e Gulf of Mexico were undertaken by at least two
iduals in autumn and two different individuals in
spring. That at least some whip-poor-wills attempt
crossings is supported by vagrant records for Cuba
the Caribbean islands [53, 63] and by one e-bird
://ebird.org/) record from off-shore in the Gulf
12 Oct 2011.
ilar numbers of Gulf crossings in both seasons are

ewhat surprising given that loop migrations in which
g migration routes are west of autumn routes seem
e most common in both Neotropical [17, 21, 64, 65]
Afro-Palaearctic migrants [14, 36, 66–69], although
reverse is seen as well [17, 70–72]). It has been sug-
ed that these patterns are a response to prevailing
s and/or availability of resources along the different
es. The choice to cross the Gulf of Mexico is likely
risky in autumn when passing cold fronts provide
inds, while in spring such a cold front would be a
tantial obstacle and cannot be easily anticipated
n setting out from the Yucatán [73]. As a result, the
inant pattern for species migrating between eastern
th America and South and Central America seems
volve more frequent over-ocean flights in autumn
more individuals taking longer over-land routes
nd the western side of the Gulf of Mexico in spring,
an increasing tendency to circumnavigate with

e westerly breeding longitudes [49, 65, 74, 75].
ecies often show within population variation in
ation patterns with respect to large bodies of water
21, 36, 69, 74]. Individuals tracked over multiple
s, often show considerable variation in route choice
49, 67, 69]. What causes individuals to make differ-
choices in different seasons remains unclear, but
d relate to individual differences in physiological
ition, age, resource availability at stopover sites, or
l weather patterns [76–79].
igratory stopovers appeared to be more frequent and
of longer duration in autumn than in spring. Due to
resolution for both migration timing and route, we
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urope suggest that even diurnal aerial insectivores,
h employ a fly-and-forage migration strategy, use
overs before crossing major ecological barriers [81].
tumn, more than half of whip-poor-wills appeared to
for up to 15 days somewhere near the north coast of
Gulf of Mexico (median = 30°N). Stopovers of similar
th by northbound Catharus thrushes in Columbia
been shown to allow for sufficient fat storage to fuel
t flights across both the Caribbean and the Gulf of
ico [19]. In spring, fewer individual whip-poor-wills
ed evidence of stopovers that were of sufficient
th to be detected, and those that did appeared to stop
er north (~37°N). In fact, all evidence of spring stop-
s by males occurred in 2012, which was a much
er spring (by the end of March, e-bird records reach
in 2012 and 35°N in 2013), suggesting that whip-

-wills may track spring phenology and adjust timing
rrival by adding or lengthening stopovers depending
the conditions they find en route. Whether these
overs were used to accumulate fat to fuel rapid travel
ugh inhospitable habitats (e.g., Gulf crossings), or to
for better weather conditions, the temporal and

getic demands associated with migration may make
lations exceptionally sensitive to even minor alter-
s in habitat quality or food abundance at these sites.

poral variability in the annual cycle
ss individuals, similarity in duration and variability
een autumn and spring migratory timing contrasts
the expectation of greater time-constraint in pre-
ding movements [67, 82, 83]. The much larger
bility in timing of departure from the wintering
nds than in arrival on the breeding grounds could
ly be the result of differences in geographic spread
een breeding and wintering sites (< 3° versus > 15°
de respectively) rather than evidence of an increase
me pressure with proximity to breeding and a select-
advantage to early or synchronous arrival [84, 85].
wise, although timing of migratory transitions have
found to be related to timing of previous events

in the annual cycle for many species of migratory
s [14, 15, 21, 49], we found no evidence of any
ionship suggesting either a unique lack of
lation-level time-limitation, or that conditions vary
een individual migration routes and at different
ering sites [86, 87].
ost studies that track individuals over multiple years
found much less variation in timing than in route

ce [21, 49, 67]. While we have little data to assess
-individual differences in timing of migration, we
find that for a single individual arrival date on
ding grounds was the same in both years despite

rences between years in the timing of all other tran-
ns. Also, consistent with increasing time pressure in

LOGIES_________________________
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g, the fastest migration rate we observed was
km/day in spring by a male that circumnavigated
Gulf. Still, given our expectation that migratory aer-
nsectivores would experience time constraints in
annual cycle, high variability in timing of migration
d represent evidence of either phenotypic plasticity
enetic variation, either of which could be beneficial
r a changing climate [88].

clusion
increases in activity during the critical dusk and

n periods, light-based geolocation might appear an
ely tool for tracking movements of a crepuscular bird
However, we were able to identify wintering areas,
atory routes and stopovers, and to document the vari-
ty in timing of migratory movements for a threatened
tjar population. Migratory stopovers in the southeast-
and central United States and wintering locations in
hern Mexico and Central America both appear im-
ant for Eastern Whip-poor-will’s at the northern edge
eir range, such as those we studied in Canada. Deter-
ing the precise location of these sites, and how they
used by whip-poor-wills, will soon be possible using
technologies like archival GPS tags [89]. Ultimately,
hope protection of habitat and insect populations
ughout the whip-poor-will’s range, including at migra-
stopover locations, may help a higher proportion of
iduals survive the pressures of long migrations and a
ging climate. Regardless, our results will help to bet-
arget both research and conservation efforts for this
matic species.

itional files

itional file 1: Figure S1. Variation in accuracy of geolocation
ates on breeding grounds as illustrated by median and interquartile
es in latitude and longitude estimates between 15 May and 31 Jul.
k dots: locations where geolocator tags were deployed. The absolute
r averaged across all sites was 1.3° for latitude and 0.56° for longitude.
55 kb)

itional file 2: Table S1. Non-breeding location estimates for 22
ern whip-poor-wills breeding in Ontario, Canada. M and F in the bird
dicates males and females. (PDF 45 kb)
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WT
discovering a forgotten canid species
Viranta1*† , Anagaw Atickem2,3,4†, Lars Werdelin5 and Nils Chr. Stenseth2,4*

stract

ckground: The African wolf, for which we herein recognise Canis lupaster Hemprich and Ehrenberg, 1832
mbolae Physicae quae ex Itinere Africam Borealem er Asoam Occidentalem Decas Secunda. Berlin, 1833)
the valid species name (we consider the older name Canis anthus Cuvier, 1820 [Le Chacal de Sénégal,
melle. In: Geoffroy St.-Hilaire E, Cuvier F, editors. Histoire Naturelle des Mammifères Paris, A. Belin, 1820] a
men dubium), is a medium-sized canid with wolf-like characters. Because of phenotypic similarity, specimens
African wolf have long been assigned to golden jackal (Canis aureus Linnaeus, 1758 [Systema Naturae per
gna Tria Naturae, Secundum Classes, Ordines, Genera, Species, cum Characteribus, Differentiis, Synonymis,
cis. Tomus I. Editio decima, reformata, 1758]).

sults: Here we provide, through rigorous morphological analysis, a species description for this taxonomically
erlooked species. Through molecular sequencing we assess its distribution in Africa, which remains uncertain due to
nfusion regarding possible co-occurrence with the Eurasian golden jackal. Canis lupaster differs from all other Canis
. including the golden jackal in its cranial morphology, while phylogenetically it shows close affinity to the Holarctic
y wolf (Canis lupus Linnaeus, 1758 [Systema Naturae per Regna Tria Naturae, Secundum Classes, Ordines, Genera,
ecies, cum Characteribus, Differentiis, Synonymis, Locis. Tomus I. Editio decima, reformata, 1758]). All sequences
nerated during this study clustered with African wolf specimens, consistent with previous data for the species.

nclusions: We suggest that the estimated current geographic range of golden jackal in Africa represents the African
lf range. Further research is needed in eastern Egypt, where a hybrid zone between Eurasian golden jackal and
ican wolf may exist. Our results highlight the need for improved studies of geographic range and population

veys for the taxon, which is classified as ‘least concern’ by the IUCN due to its erroneous identification as
ve

, T

th
so
ur
en
im
lden jackal. As a species exclusively distributed in Africa, in
lf are needed.

ywords: African wolf, Canidae, Canis lupaster, Canis aureus

kground
t canids (Family Canidae) are easy to recognize by
characteristic long muzzle, long limbs and bushy

. They have a conservative body plan retaining traits
arly mammals, including a primitive dental formula

wi
al
D
be
an
3, C 1/1, P 4/4, M 2/3 in the majority of Canidae)
Morphological variation within the family is rela-
y slight [1, 2], which creates problems of species
gnition and classification. Wolves are the largest
bers of the Canidae. They are charismatic species

the
Nor
thou
med
(Lyc
side-
[7])
(Sch
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stigations of the biology and threats to African

axonomy, Conservation

a long special relationship with people. They are
the ancestors of the first domesticate, the dog [3, 4].
ing historic times and into the present wolves have
persecuted due to fear of predation on domestic
als and attacks on people. Once widespread across
Holarctic, wolves are now absent in many areas of
th America and Eurasia [5]. Wolves have been
ght to be absent from Africa. Instead the large and
ium sized canids in Africa are the African wild dog
aon pictus Temminck, 1820 [6]) and the two jackals:
striped jackal (Lupulella adusta (Sundevall, 1847)

and black-backed jackal (Lupulella mesomelas
reber, 1775) [8]). The fourth medium sized canid
ies, the African wolf (Canis lupaster), was until
ntly equated with the Eurasian golden jackal
is aureus). Recent papers, including this one,
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that it is a separate species, Canis lupaster. In
phylogenetic tree the African wolf groups with
r Canis species, whereas Lupulella and Lycaon
outside this clade, resulting in identification of
rate genera (Additional file 1).
e presence of a wolf relative in North and West
ca was indicated in the early literature [9–12], but
l recently [13–15] largely ignored in the modern
ature. Here we demonstrate the presence of a spe-
closely related to the Holarctic wolf in Africa and
ss its taxonomic status and morphology. We pro-
the first formal taxonomic description of the

can wolf.
medium-sized canid with a wide distribution in
th, West, and East Africa has been described under
us names, but is today mistakenly equated with the
en jackal, Canis aureus Linnaeus, 1758 [16, 17]. Re-
publications [13–15] have identified this animal as

parate species, more closely related to the Holarctic
wolf than to the golden jackal. Gaubert et al. [13]
ested the existence of both the golden jackal and
can wolf in North and West Africa. Their mtDNA
ysis revealed a close relationship between specimens
phologically assigned as golden jackals and those
ned as the African wolf, differentiating them from
an golden jackal. Morphological features characteris-
f the African wolf are heavy build and wider head,
ell as some traits of the pelage. Koepfli et al. [15],
g both mtDNA and autosomal loci, found evidence
frican and Eurasian golden jackals as distinct spe-
and found no evidence for the existence of both the
en jackal and the African wolf in Africa. They also
ated the divergence times and found an estimate of

Ma for the golden jackal and the African wolf and
Ma for the African wolf and the grey wolf. They also
tified some morphological traits and provided evi-
e for apparent convergent evolution having resulted
e similarity of the golden jackal and African wolf.
ess et al. [14] concluded, based on yet another
ple of mtDNA, that the African wolf is a separate
ies, more closely related to the grey wolf than to the
en jackal.
is species, which we here call the African wolf, has,
ever, only cursorily been described morphologically,
a detailed investigation of its taxonomic status has
previously been undertaken. Furthermore, the puta-
presence of Eurasian golden jackal in Africa remains
ear and has led to confusion among researchers.
a formal taxonomic description and the demon-

ed distinct evolutionary history of the African wolf,
need for a reassessment of the geographic distribu-
and population abundance of this species is evident.
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a century serves as a cautionary example of reliance
utdated authority and a lack of proper taxonomic
arch. Biodiversity research, as well as conservation
ies, is only valuable when built on solid taxonomic
[18, 19]. The erroneous merging of two distinct

ies (the African wolf and the golden jackal) into one
olden jackal’ has resulted in confusing phylogenetic
and false interpretations of intraspecific biological
tion and evolutionary history.

hods
studied crania of canids labelled by earlier scholars
useum curators as Canis aureus, Canis lupaster or
is anthus in the collections of Swedish Museum of
ral History, Stockholm, Sweden (NRM); Museum
aturkunde, Berlin, Germany (ZMB); Natural History
eum of Denmark, Copenhagen, Denmark (ZMUC),
Finnish Museum of Natural History, Helsinki, Finland
NH). We also studied specimens of the closely related
World canids Lupulella mesomelas, L. adusta, C.
nsis Rüppell, 1840 [20], and C. lupus in the same in-
tes. Moreover, we studied crania collected from road
for this project in Ethiopia. In the case of the type
imens, housed in the Museum für Naturkunde,
in, the skins were also studied. For skulls with a skin
the same specimen number (presumed to be from
same individual), the skin was sampled for DNA
(n = 20). We sampled scats (n = 31) and blood

ples (n = 14) from different African countries.
en skin samples also were obtained from museum
ctions (Additional file 2: Table S1).
total of 31 dental and 22 cranial measurements were
n on skulls using dial calipers. Additional measure-
ts were obtained from the data files of Björn Kurtén
ated by LW). Measurement data are provided in
itional file 3. The skins were photographed and the
and body length were measured using a tape meas-
By convention lower case letters are used for lower
and upper case letters for upper teeth.
e DNA extraction from scat samples was carried
using Dynabeads MyOneTM SILANE as given in de-
in [21] and the Phenol chloroform method was used
museum and blood samples [22, 23]. Polymerase
n reaction (PCR) was carried out at two fragments
tDNA (12S ribosomal RNA and Cytb region) for
ples from blood and scat. The 12S rRNA was ampli-
using primers 12S3 and 12S2 [24]. The DNA ex-
s from museum samples were amplified using
nal primers developed to sequence short sequences
itional file 2: Table S2). Sequences were aligned
g MEGA 5.2-clustal parameters [25]. The mtDNA
lification was performed in 15 μl reactions con-

ing 2.5 μl HotStar PCR buffer (QIAGEN GmbH
burg, Germany), 5 nmol dNTP, 0.01 mg BSA
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England Biolabs), 50 nmol Mgcl2, 1.25 units Hot-
Taq polymerase, 8 pmol of each primer, 50–100 ng
late DNA and mqH20. The program for the PCR
isted of initial denaturation at 95 °C for 15 min
wed by 45 cycles of 94 °C for 1 min, 55 °C for 1 min
a final extension at 72 °C for 10 min for Cytb1 and
rRNA. The PCR cycle parameters for DNA extracts
museum samples were similar except for a higher
aling temperature of 58 °C and 60 °C (Additional
: Table S2). Additional nucleotide sequences of ca-
were obtained from GenBank (Additional file 2:
e S3). Phylogenetic relationships were analysed
g Bayesian approach in BEAST 1.8 [26]. Site model
clock model were set as unlinked between the two
itions. A HKY + G (4 classes) + I substitution model
empirical base frequency and a strict clock-rate
set for both partitions. The Yule Process was used
tree prior model. Three replicates were run for 10
000 generations and convergence of parameters
checked on Tracer 1.5 ([27, 28]. The phylogenetic
was then drawn in FigTree 1.4 [28, 29]. Median-
ng network analysis was carried out using PopART
ork analysis [27]. Regional genetic variation was
ated using the DnaSP software [29].
e statistical analyses of the morphological data were
ied out using the PAST software (version 2) [30].

enclatural acts
published work and the nomenclatural acts it con-
have been registered in Zoobank: http://zoobank.org/
enclaturalActs/2D51EA46-45D3-4F31-BCC5-7AA122
DB. The LSID for this publication is: lsid:zoobank.
ct:2D51EA46-45D3-4F31-BCC5-7AA1221F66DB.

lts
ematics
is lupaster Hemprich and Ehrenberg, 1832 [9].

nymy (selected, for an expanded list see
itional file 4)
nis anthus (Cretzschmar, 1826 [31] non C. anthus
vier, 1820 [10])
eba anthus (Gray, 1869) [32]
nis anthus (De Winton, 1899) [12]
nis lupaster (Hilzheimer, 1906) [33]
nis aureus lupaster (Schwarz, 1926) [34]
os aureus lupaster (Allen, 1939) [17]

inal description (Hemprich and Ehrenberg, 1832) [9]
IS Lupaster H. et E. Dib, Sib
lpe maior, Lupo affinior, inferior, longius pilosus
racente flavidus, fusco nigroque obsolete varius,

et
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acula prope basin nigricantibus aut rufis. C. Anthus
zschmar nec Frid. Cuvier. In Fayum vulgaris. Lupus
pti.

arge fox, similar to wolf but smaller; long hair,
h-yellow to dark black pelage; head thickened, ears
inted, mouth, ears, nose and feet yellow; short tail
arsely furred, tips of hairs reddish and blackish spot
ar the base. C. anthus of Cretschmar, not F. Cuvier;
ommon in Fayum; Egyptian wolf.” (our translation)

type
e specimens, all from the governate of Fayum
ium, Fayoum), Egypt, are marked as types in the
ctions of the Museum für Naturkunde, Berlin:
_mam_833, a skull with worn teeth and damaged
pital region, sex unknown; ZMB_mam_834, a skull
skin of an adult female; ZMB_mam_835, a skull of
ung female individual with deciduous dentition and
ting permanent teeth. Of these, ZMB_mam_834 is
idered the holotype of C. lupaster [34]. Of the
r two specimens, ZMB_mam_833 becomes a para-
as it is part of the type series [34]. Specimen,
_mam_835, on the other hand, is the type speci-
of Canis sacer Hemprich and Ehrenberg, 1832 [9],
tative synonym of C. lupaster [34].

ription of ZMB_Mam_834
emale individual collected by Friedrich Wilhelm
prich and Christian Gottfried Ehrenberg from
m, Egypt in the early 19th century. It consists of a
plete skull and a skin (Figs. 1 and 2). Measurement
for this specimen are given in Additional file 2:
es S4–S6.

l and dentition
skull (Fig. 1) is that of a medium-sized canid. The
r and lower postcanine teeth are slightly crowded,
diastemata between the upper canine and the third
or and between the lower canine and the first
olar.
e mandible (Fig. 1) is robust with well-developed
seteric fossa and elevated coronoid. The condyloid
ess has a short neck. The angular process is long
convex with a pointed tip. Two mental foramina are
ted below p3 and just mesial to p2. The hemi-
dibles have been separated at the symphysis and
now glued together, so the natural angle between
two is lost. A small and round m3 is present bilat-
y. The m2 is elongated and has four distinct cusps
, in accordance with other Canidae, are protoconid,
aconid, entoconid, and hypoconid. In the m1 both

trigonid and talonid are well developed. The meta-
d is distinct from the protoconid and located
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Fig. 1 Specimen ZMB_mam_834, holotype of Canis lupaster, a female
from Fayum, Northern Egypt. Top left, dorsal view of cranium; top right,
ven
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Wlingually to it. The talonid has three cusps, ento-
d, hypoconid and hypoconulid. The p4 is >50% of
length of the m1 and has three cusps and a lingual
ulum. The mesial cusp has a mesial crest. The p3
p2 are of about equal length. They both have a
cusp, a distal accessory cusp, and a cingulum

a distal elevation. The p1 is round and has a sharp
rior cusp. The lower canine is mediolaterally flat-
d. The incisors are crowded. The i2 and i3 have
cusps.
e cranium is dome-shaped with a ca. 20° angle
een the rostrum and the braincase (forehead).
res between bones are clearly visible and the skull
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. 2 Specimen ZMB_mam_834, holotype of Canis lupaster, a
ale from Fayum Northern Egypt. Skin; head to right, tail to left
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molar rows are angled at about 30° to each other.
incisive foramina are long, extending from the an-
r end of the canines to the level of P1. There are
e palatine foramina on the right side and two on the
They are convex in shape. The infraorbital foramen
ell developed and placed above the P3. The post-
tal process is large, but blunt. The auditory bullae
nflated, oval and placed at 45° to the sagittal line.
e upper incisors are crowded and have lingual cin-
. The upper canines are convex. The left canine has
that appears to be ante mortem. The reason for

is not known. The P1 is small and pointed. The P2
two cusps and the P3 three cusps. The P4 has a pro-
ne that is clearly separate and placed lingual to the
cone. It lies at about 100° to a line drawn through
metacone and paracone. The M1 is distally convex
has a cingulum and four cusps, paracone, proto-
, metacone, and hypocone. The M2 is smaller, but
lays the same cingulum and cusps.

skin of ZMB_Mam_834 is incomplete, with the
l parts of the limbs and tail missing (Fig. 2). There
median dorsal ruff extending from the neck to the
composed of hairs with black tips and ginger and
e bases. The head is ginger with agouti on the fore-
and ears. The hair on the limbs and ventral side is

t and yellow.

rential diagnosis
compared the cranial and dental measurements of
African wolves to the measurements taken on
is species and the jackals. Based on skull size
is lupaster is smaller than the smallest grey wolves
is lupus arabs Pocock, 1934 [35], C. l. pallipes
s, 1831 [36], C. l. chanco, Gray, 1863 [37]) (Additional
: Table S2; Additional file 5: Figure S1).
nis lupaster differs from grey wolves in having a
r coronoid process of the mandible. The palatine
is relatively longer and the distance between the

er canines smaller in C. lupaster. The molar row is
ively longer as compared to the premolar row
itional file 5: Figure S1).
nis lupaster is larger than the two African jackals
ulella adusta and Lupulella mesomelas) and differs
them by its relatively shorter palatine and larger

l.
e Eurasian golden jackal (C. aureus) has a wider
shorter palate and also relatively greater interorbital
dth than C. lupaster. The upper canine is mediolate-
flatter in C. lupaster than in C. aureus (Additional
: Figure S2).

e Ethiopian wolf (C. simensis) is a larger species and
a longer rostrum than C. lupaster. It also has a very
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nct pelage with white markings, while C. lupaster is
y or rufous with black and grey on the dorsum.
nis lupaster shows considerable variation in size,

Ge
Se
ph
sexual dimorphism has not been detected in our that
pu
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e
pa
m
e
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dd
E
pu
lge
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cce
(Additional file 5: Figure S3).

ration from Canis aureus
ran a discriminant analysis on the 52 morphological
acters obtained for the study. Using log10-trans-
ed data for 65 individuals we obtained a correct
ification of 68.3% (jackknifed) for the comparison
ureus – C. lupaster. When only characters we con-
red most likely to be diagnostic were included,
% correct classification was obtained (Additional
: Figure S4).
total of 64 nucleotide sequences from Ethiopia,
th Sudan, Egypt and Western Sahara newly gene-
d for this study, as well as the 39 additional se-
ces of C. lupaster from GenBank (Additional
2: Tables S3, S7), clustered to the African wolf
ge (Fig. 3; Additional file 5: Figure S5). A single
is aureus haplotype has been reported from
t (Fig. 4) [15]. This specimen is from the Sinai
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. 3 Median-joining network of canid haplotypes based on
chrome b (380 bp). Circle size and branch lengths are proportional
aplotype frequency and number of mutational steps among
lotypes, respectively. Nucleotide sequences of C. lupus, C. lupaster
C. aureus are represented based on their geographic sources

ollows: SWE = Sweden, ISR = Israel, CHI = China, CAN = Canada,
= India, UKR = Ukraine, OMA=Oman, N.A. = North Africa (Algeria
pt Mali and Morocco), MUR=Mauritania, KEN= Kenya, ETH= Ethiopia,
= Senegal, ALE =Algeria), MAL=Mali, AFG=Afghanistan; SER = Serbia
= Israel and EGY= Egypt, USA=United States of America. Details of
leotide sequences used are presented in the Supplementary
rmation (Additional file 2: Table S3)
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raphic and intrapopulation variation
ral authors have noted the existence of two mor-
ypes of African wolf (see, e.g. [13]). Our data show
there are significant differences in size between
lations of C. lupaster, with East African individuals
g smaller than North and West African ones. This is
manifest in a bimodal distribution, however. On the
r hand, our metric data do show a higher coefficient
ariation (CV) in C. lupaster than in our C. aureus
ple, which comes from specimens with a broad geo-
hic distribution across Eurasia. This may be a signal
me morphotype differences within C. lupaster that
unmatched in C. aureus. Further subdividing the C.
ster material into North, West and East African
ples shows that all three have higher CV that the en-
C. aureus sample. Among the three sub-samples of
paster, the North African one has the highest CV
itional file 2: Table S9). The C. lupaster population
thiopia has higher genetic diversity compared to the
lation in the northern African countries (Egypt,
ria, Morocco; Additional file 2: Table S8).

nomy and nomenclature
pting the African wolf as a distinct species leads to
question of the appropriate species name. Previous
ors have alternated between Canis lupaster (e.g.,
14, 38]) and Canis anthus [13]. Of these, C. anthus
uvier, 1820 [10] has priority. It is based on the de-
tion of a female individual from Senegal. In a later
ication, Cuvier described a male individual he as-
d to C. anthus [11]. However, the two specimens
markedly different and are unlikely to belong to a
le species. This, and the fact that the holotype is
ing (a search in the Muséum National d’Histoire
relle, Paris was unsuccessful; G. Veron, pers. comm.
W) render the status of C. anthus very unsatisfac-
. It is, in fact, possible that the holotype is a speci-
of Lupulella adusta (side striped jackal), which was
formally described until 1847 [7]. The description
illustration in Cuvier’s work are not adequate to
nguish between the two. Thus, we consider C.
us a nomen dubium and use C. lupaster as the name
the African wolf. A longer discussion of the taxo-
ic history of these names is provided in Appendix 2
itional file 6). It should also be noted that the publi-
n of the Symbolae Physicae of Hemprich and
nberg as a whole is dated 1833, but the section on
is lupaster is dated November, 1832, which is the
of publication of the name.

ogenetic position within the Canidae
fact that the majority of recent phylogenetic studies

considered the African wolf and Eurasian golden

al to be conspecific makes them useless when

LOGIES_________________________
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Wng the phylogenetic position of the African wolf.
y studies that used mitochondrial DNA sequences in
ogenetic analyses of canids, including an exclusively
can ‘C. aureus’, resulted in a position outside a crown
e Canis including Holarctic grey wolf, coyote, and
opian wolf [39]. Separating ‘C. aureus’ samples into
rasian and an African component and including a
range of molecular markers shows the African

ple to be closer phylogenetically to Holarctic grey
and coyote than are either Ethiopian wolf or
sian C. aureus [15].

ussion
ry of the African wolf
have provided evidence for and described the
can wolf as a distinct taxonomic entity clearly sep-
e from the Eurasian golden jackal and as a species
ely related to the Holarctic grey wolf. It should be
d, however, that the Holarctic grey wolf might not
single species. Some wolf lineages, e.g., in India
North America may deserve species status as well
42].
om the first descriptions of African wolf [9–11, 31]
l the 1920s the majority of authors maintained a
nction between the African wolf and the Eurasian
en jackal. Some also maintained a distinction between
nthus and C. lupaster based on the original descrip-
[43, 44].
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uences used in this analysis are given in Supplementary Information (Addi
e African wolf and golden jackal were synonymized
chwarz [34] for reasons that are not clear in that

are
wolv
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Tication, and Allen accepted this synonymy in his
ly influential checklist of African mammals [17].
n’s viewpoint was rapidly accepted in both the eco-
al and evolutionary research communities and since
time few authors have considered the African wolf a
nct species, despite there being a few notable excep-
s: Keimer mentions C. lupaster in his faunal work
gypt [45]; Kurtén lists the wolf jackal (C. lupaster)
fossil collection from the Levant and suggests the

ence of extant C. lupaster in North Africa [46];
uson studied C. lupaster crania from Israel and
luded that C. aureus lupaster differs from C. aureus
represents a small desert race of C. lupus [38]. Most
ntly an m1 from Middle Pleistocene deposits in the
d Desert, Saudi Arabia, has been identified as C.
us [47].
is only recently that new data from molecular genetic
ies have resurrected the African wolf [13–15]. Thus
presence of African wolf has been confirmed from
hern Ethiopia to Egypt and West African countries,
ring the former range of golden jackal delineated by
N [48] (Fig. 5). The golden jackal haplotype from
t alluded to above needs further study to determine
ther it is from an isolated golden jackal in Egypt or
golden jackal-African wolf hybrids in the region. In
t, in particular in the Sinai Peninsula, which serves as
nd bridge between Asia and Africa, hybrid canids
d be a possibility. Eurasian golden jackals from Israel

al file 2: Table S3)
reported to show signals of hybridization with grey
es, dogs, and the African wolf [15].

LOGIES_________________________



Popu
The
wolf
of t
that
mad
assu
Afri
hum
hum
Th

Afri
cited
ever
give
rang
wolf
Rift
the
the
rang
Pe

lives
the
Afri
pred
Al

bree
sam
sion
dog,
nids

ow
olf
in
Th
ds
up
lf
ctu
ng
e
to
n
ea
fin
ol
y
ce
er

n
e
pa
k
y h
s
th
ew
sto
d
tle

Fig. 5 Hypothesized range of golden wolf, C. lupaster, based on current estimated range in Africa of C. aureus. Data from Jhala & Moehlman (2008) [48].
Black dots denote currently confirmed golden wolf localities

69Rediscovering a forgotten canid species

___
Wlation status of the African wolf
basic biology and population status of the African
are insufficiently known. Our biological knowledge

he African wolf is further complicated by the fact
many ecological and behavioural conclusions are
e based on observations of golden jackals and
ming taxonomic identity between the two. The
can wolf is likely to face threats from the growing
an population, although it seems to habituate to
an propinquity relatively well [49].
ere are no data on distribution patterns for the
can wolf in recent times and African wolf is still
as golden jackal in recent publications [50]. How-

, the geographic range of golden jackal in Africa
n by IUCN [48] may be considered as the potential
e of the African wolf (Fig. 5). This shows African
documented from the Ethiopian highlands to the
Valley, across North Africa and the Sahara desert, to
west coast of the continent (but not to the coast of
Bay of Benin). It is thus distributed across a wide
e of ecological zones.
rsecution by pastoral communities as a result of
tock predation is probably the greatest challenge for
African wolf populations. Several studies document
can wolf as one of the most important livestock
ators [51–55].
l wolves living near human occupation risk inter-
ding with domestic dogs. All Canis spp. share the
e chromosome number (2n = 78) [56] and occa-
ally interbreed in the wild [57, 58]. The domestic
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as a descendant of the wolf, mates with wild ca-
[59, 60], including the Ethiopian wolf [61]. To our

in A
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Tledge no record of hybridization with the African
exists, although Rueness et al. [14] found evidence
trogression in one of their samples.
ere are five species of large and medium sized ca-
in Africa (side-striped and black-backed jackals,
ulella spp.) African wolf (Canis lupaster), Ethiopian
(Canis simensis) and African wild dog [Lycaon
s]). The jackal and African wild dog lineages have
fossil records in Africa [62, 63] and can be con-

red endemic taxa following initial entry of Canidae
Africa in the latest Miocene. The two species of
is are likely to be relatively recent immigrants from
ges originating in Eurasia. Neither lineage has a
itive fossil record in Africa or elsewhere, so their
utionary history remains to be discovered, including
they were able to successfully colonize Africa in the
of the presence of the endemic lineages already
e.

clusions
erroneous inclusion of the African wolf (Canis
ster) in the taxonomic envelope of Eurasian golden
al (Canis aureus) has obscured the unique evolution-
istory of the species. For a century, the African wolf
considered as a part of a widely distributed species
a recent history of immigration into Africa [13].
research is now needed to assess the evolutionary
ry and population status of C. lupaster and to
erstand the biology of this species. While there is
evidence for the presence of Eurasian golden jackal

frica, further study is needed to confirm whether it
be present in eastern Egypt.
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stract

ckground: The Gharana wetland conservation reserve (GWCR) is a semi-arid wetland adjacent to agricultural
as on the Indo-Pakistani border. Despite being declared an Important Bird Area (IBA) by Birdlife
ernational, the occurrence and distribution of birds has not been well-documented in this area. Our aims
re to systematically document the composition, relative abundance and feeding guilds of all avian fauna in
er to form a baseline to monitor changes from—and to underwrite—future conservation actions.

sults: From 24 surveys over 1 year, we recorded 151 species from 45 families and 15 orders. 41% of species were
ed as ‘rare’ and only 22% were ‘very common’. The largest number of families belonged to the order Passeriformes
%), followed by Charadriiformes (14%) and Coraciiformes (11%). The most species (12%), were found in the family
atidae (Anseriformes—widely recognized as bio-indicators), followed by Accipitridae (Falconiformes;12%)
d Muscicapidae (Passeriformes; 6%). Carnivores and insectivores were the feeding guilds most frequently
served. Indeed, more than 50% of all species fed on the abundant fish, mollusks and insects and larvae.
rk-feeders and nectarivores were the least common.

nclusions: Winter visitors were frequently found, while summer visitors were rare, reinforcing the importance of
CR as a wintering site for high-altitude species. The conservation of this wetland is especially crucial for
e globally-threatened species. We have provided baseline documentation to help future monitoring efforts

this region, and a template to initiate the implementation of conservation plans for other remote IBAs.
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d in India (1224 species belonging to 78 families and
rders) are dependent on wetlands [5] at a time when
and loss is considered the prime threat to waterfowl
ss the globe [6]. Eighty percent of the population de-
in Asian flyways near wetlands are a result of human
oachment, increased agriculture and climate change,
militarization near borders [7, 8].
e Gharana wetland conservation reserve (GWCR) is

gnized as an Important Bird Area (IBA) by Birdlife
national [9]. IBAs ensue from a global network that
tifies focal areas for conservation implementation [10].

LOGIES_________________________

http://crossmark.crossref.org/dialog/?doi=10.1186/s40850-017-0016-z&domain=pdf
mailto:Parsons.HMichael@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Crite
danc
or re
mate
cons
betw
Paki
but
herb
this
such
shell
In

avifa
esse
inclu
acro
to fo
roos
not
vers
anim
insta
plan
the
Frug
and
woo
thro
abun
Th

rana
cies
the
bird
how
ther
wha

Obje
Our
spec
guild
of th

Resu
The
the
Cha
belo
18
avifa
abun
spec

m
on
in
or
nc
ela
rea
eop
d
ec
re
m
Bi
ild
an
mo
ed
am
re

isc
e
t
e
rre
e 2
th
wa
nt
rt
gg
ld
nt
d
Th
at
un
e
e
ed
rs
eir
a
de
s
Th
cto
a

m
ud
le
h,

73Survey of avifauna of the Gharana wetland reserve: implications for conservation in a semi-arid...

___
W

ria for inclusion into an IBA are based on the abun-
e of avian species, the presence of globally-threatened
stricted-range species, and/or their vulnerability to cli-
change [9] GWCR is especially important because it
ists of a semi-arid wetland on the international border
een the Indian states and the four provinces of
stan, and provides a unique habitat not only for birds,
also for many meso-predators and small carnivores,
ivores, primates and reptiles. The primary threats to
wetland are human encroachment and its corollaries
as cattle grazing, bathing, stray dogs and military

ing across the Indo-Pakistan border.
order to draft conservation plans for the remaining
una in accordance with the IBA designation, it is
ntial that a number of criteria are documented:
ding the presence and abundance of bird species
ss all seasons, and their feeding guilds which relate
od abundance, quality, and availability of perching,
ting and nesting sites. These factors are important,
only because they influence the abundance and di-
ity of birds, but may have indirect effects on other
al and plant taxa throughout the ecosystem. For
nce, granivorous birds can reduce seed survival of
t/crop species [11, 12], while insectivores can decrease
abundance of herbivorous arthropods [13, 14].
ivorous birds influence seed dispersal [15, 16]
the survival and reproduction of herbaceous and
dy plants. They influence these processes directly
ugh seed predation, and indirectly, by reducing the
dance of herbivorous insects and seed dispersal [17].
e avifauna has been minimally documented in Gha-
. Sharma and Saini [18] recorded 21 waterfowl spe-
in the region, while Pandotra and Sahi [19] reported
presence of 57 species of waterfowl and terrestrial
s. No complete documentation has been available,
ever, and no study has reported feeding guilds for ei-
the resident or visiting species. Thus, it is unclear
t resources from the wetland are attracting migrants.

ctives
objectives were to comprehensively document the
ies composition, relative abundance and feeding
s of all avian fauna over 1 year in GWCR, inclusive
e surrounding agricultural fields.

lts
maximum number of families (Table 1) belonged to
order Passeriformes, 18 (40% of total) followed by
radriiformes, 6 (14%). Most identified species
nged to Anatidae 19 (12%), followed by Accipitridae
(12%) and Muscicapidae 9 (6%). After ranking
una into three categories based on their cumulative
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mon, and 33 (22% of total) species were very com-
. Nine globally-threatened species were identified:
ted Stork Mycteria leucocephala, Wooly-necked
k Ciconia episcopus, Black-necked Stork Ephippior-
hus asiaticus, Black-headed (White) Ibis Threskiomis
nocephalus, Ferruginous Duck Aythya nyroca,
ter Spotted Eagle Aquila clanga, Egyptian Vulture
hron percnopterus, Pallid Harrier Circus macrourus
Indian River Tern Sterna aurantia. Among 151 total
ies (Table 1), 74 (49%) were winter visitors, 54 (36%)
resident, 11 (7%) were vagrant and 12 (8%) were

mer visitors (Fig. 1).
rds of GWCR primarily utilized eight feeding
s: herbivores, bark feeders, carnivores, frugivores,
ivores, insectivores, nectarivores and omnivores.
ng these families, 19 (13%) were herbivores, bark
ers 2 (1%), carnivores 46 (36%), frugivores 6 (4%),
inivores 7 (5%), insectivores 40 (26%), nectari-
1 (1%) and omnivores 30 (20%).

ussion
have provided baseline data for an under-reported,
vulnerable, wetland near a border in remote Asia.
recorded 151 species including 62 waterfowl and 89
strial species. This provides a substantial update to
1 and 57 species already documented [18, 19]. Most
e high-altitude bird species are known to migrate
rds lower altitude sites such as GWCR during
er [20], and this was also observed in our study. In
icular, the high number of winter visitors likely
ests that Gharana and its adjoining agricultural
s provide appropriate habitat for thousands of
er migratory birds as well as important wintering
stopover site for several other migratory species.
e high prevalence of the Anatidae affirms notions
this region provides particularly suitable habitat and
dant food for ducks, geese and swans. The Accipitri-
are ideal indicators of ecosystem health because they
near the top of local trophic levels. As top-order
ators, the Accipitridae are key bio-indicators to un-
tanding the dynamics of local ecosystems. In GWCR,
presence likely reflects the greater availability of

ll mammals, birds, reptiles, amphibians and insects.
ed, over 70% of the total feeding guilds were carnivor-
(36%), insectivorous (26%) or omnivorous (20%).
e regional diversity of birds commonly varies with
rs such as climate of the area (temperature, humid-
nd rainfall), altitude, food availability [21]. While
e of these factors were beyond the remit of our
y, and will be updated in furture reports, we were
to note the presence of a large number of species of
mollusks, amphibians and aquatic insects and their

e, that these birds fed upon. These resources are
ortant to document as thoroghly as possible because
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Table 1 Comprehensive list of bird species recorded utilizing Gharana wetland conservation reserve and associated agricultural fields

Species
(no.)

Order Family Common name Scientific name Residental
status

Abundance Feeding IUCN
status

1 Podicipediformes Podicipedidae Little Grebe Tachybaptus ruficollis R VC C LC

2 Pelecaniformes Phalacrocoracidae Great Cormorant Phalacrocorax carbo WV VC C LC

3 Little Cormorant Phalacrocorax niger WV VC C LC

4 Ciconiiformes Ardidae Yellow Bittern Ixobrychus sinensis WV R C LC

5 Black-crowned Night Heron Nycticorax nycticorax WV C C LC

6 Indian Pond Heron Ardeola grayii R VC C LC

7 Cattle Egret Bubulcus ibis R VC C LC

8 Little Egret Egretta garzetta R VC C LC

9 Intermediate Egret Mesophoyx intermedia R C C LC

10 Great Egret Casmerodius albus WV C C LC

11 Purple Heron Ardea purpurea R VC C LC

12 Grey Heron Ardea cinerea R VC C LC

13 Ciconiidae Painted Stork Mycteria leucocephala WV R C NT

14 Black Stork Ciconia nigra WV R C LC

15 Wooly-necked Stork Ciconia episcopus WV R C VU

16 Black-necked Stork Ephippiorhynchus asiaticus WV R C NT

17 Threskiornithidae Black-headed (White) Ibis Threskiomis melanocephalus WV R C NT

18 Red-naped Ibis Pseudibis papillosa WV R C LC

19 Glossy ibis Plegadis falcinellus WV R C LC

20 Eurasian Spoonbill Platalea leucorodia WV R C LC

21 Anseriformes Anatidae Lesser Whistling Duck Dendrocygna javanica WV VC H LC

22 Greylag Goose Anser anser WV R H LC

23 Greater White-fronted Goose Anser albifrons WV R H LC

24 Indian Cotton Teal Nettapus coromandelianus WV VC H LC

25 Bar-headed Goose Anser indicus WV C H LC

26 Ruddy Shelduck Tadorna ferruginea WV R H LC

27 Comb Duck Sarkidiornis melanotos WV R H LC

28 Eurasian Wigeon Anas penelope WV C H LC

29 Gadwall Anas strepera WV VC H LC

30 Eurasian Teal Anas crecca WV VC H LC

31 Mallard Anas platyrhynchos WV R H LC

32 Indian Spot-billed Duck Anas poecilorhyncha WV R H LC

33 Northern Pintail Anas acuta WV C H LC

34 Garganey Anas querquedula SV R H LC

35 Northern Shoveler Anas clypeata WV VC H LC

36 Red-crested Pochard Netta rufina WV R H LC

37 Common Pochard Aythya ferina WV C H LC

38 Ferruginous Duck Aythya nyroca WV R H NT

39 Tufted Duck Aythya fuligula WV R H LC

40 Falconiformes Accipitridae Black-shouldered Kite Elanus caeruleus R C C LC

41 Black Kite Milvus migrans R C C LC

42 Steppe Eagle Aquila nipalensis WV C C LC

43 Greater Spotted Eagle Aquila clanga WV R C VU
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Table 1 Comprehensive list of bird species recorded utilizing Gharana wetland conservation reserve and associated agricultural fields
(Continued)

44 Eurasian Marsh-Harrier Circus aeruginosus WV R C LC

45 Eurasian Sparrowhawk Accipiter nisus V R C LC

46 Himalyan buzzard Buteo buteo WV R C LC

47 Long-legged Buzzard Buteo rufinus WV R C LC

48 Besra Accipiter virgatus WV R C LC

49 Northern Goshawk Accipiter gentilis WV R C LC

50 Booted Eagle Hieraaetus pennatus WV R C LC

51 Egyptian Vulture Neophron percnopterus SV C C NT

52 Shikra Accipiter badius R C C LC

53 Hen Harrier Circus cyaneus WV C C LC

54 Eurasian Marsh-Harrier Circus aeruginosus WV VC C LC

55 Pallid Harrier Circus macrourus WV R C NT

56 Short-toed snake Eagle Circaetus gallicus WV C C LC

57 Falconidae Eurasian Hobby Falco subbuteo WV R C LC

58 Galliformes Phasianidae Gray Francolin Francolinus pondicerianus R VC O LC

59 Gruiformes Rallidae Water Rail Rallus aquaticus WV C O LC

60 White-breasted Waterhen Amaurornis phoenicurus R VC O LC

61 Common Moorhen Gallinula chloropus R VC O LC

62 Purple Swamphen Porphyrio porphyrio R VC O LC

63 Common Coot Fulica atra WV C O LC

64 Charadriiformes Jacanidae Pheasant-tailed Jacana Hydrophasianus chirurgus SV C O LC

65 Charadriidae Red-wattled Lapwing Vanellus indicus R VC O LC

66 Little Ringed Plover Charadrius dubius R R O LC

67 White-tailed Plover Vanellus leucurus WV R O LC

68 Scolopacidae Greenshank Tringa nebularia WV C I LC

69 Common Snipe Gallinago gallinago WV R I LC

70 Common Redshank Tringa totanus V R I LC

71 Common Sandpiper Actitis hypoleucos WV C I LC

72 Green sandpiper Tringa ochropus WV R I LC

73 Curlew Sandpiper Calidris ferruginea V R I LC

74 Little Stint Calidris minuta V R I LC

75 Ruff Philomachus pugnax WV VC I LC

76 Recurvirostridae Black-winged Stilt Himantopus himantopus WV C I LC

77 Glareolidae Oriental Pratincole Glareola maldivarum V R I LC

78 Little Pratincole Glareola lactea R C I LC

79 Laridae Indian River Tern Sterna aurantia SV C C NT

80 Common Tern Sterna hirundo V R C LC

81 White-winged Black Tern Chlidonias leucopterus V R C LC

82 Columbiformes Columbidae Eurasian Collared-Dove Streptopelia decaocto R VC O LC

83 Spotted Dove Streptopelia chinensis WV R O LC

84 Rock Pigeon Columba livia R VC O LC

85 Psittaciformes Psittacidae Rose-ringed Parakeet Psittacula krameri R C F LC

86 Plum-headed Parakeet Psittacula cyanocephala WV R F LC

87 Cuculiformes Cuculidae Greater Coucal Centropus sinensis R C C LC
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Table 1 Comprehensive list of bird species recorded utilizing Gharana wetland conservation reserve and associated agricultural fields
(Continued)

88 Asian Koel Eudynamys scolopaceus SV C O LC

89 Pied Cuckoo Clamator jacobinus SV R O LC

90 Eurasian Cuckoo Cuculus canorus SV R O LC

91 Strigiformes Strigidae Spotted Owlet Athene brama R C C LC

92 Coraciiformes Alcedinidae White throated Kingfisher Halcyon smyrnensis R VC C LC

93 Common Kingfisher Alcedo atthis WV C C LC

94 Crested Kingfisher Megaceryle lugubris R VC C LC

95 Meropidae Green Bee-eater Merops orientalis R VC I LC

96 Blue-tailed Bee-eater Merops philippinus SV C I LC

97 Coraciidae Indian Roller Coracias benghalensis R C I LC

98 Upupidae Eurasian Hoopoe Upupa epops R C I LC

99 Bucerotidae Indian Grey Hornbill Ocyceros birostris R R F LC

100 Piciformes Picidae Lesser goldenback Dinopium benghalense R C BF LC

101 Yellow-crowned Woodpecker Dendrocopos mahrattensis R R BF LC

102 Capitonidae Coppersmith Barbet Megalaima haemacephala R R F LC

103 Passeriformes Alaudidae Crested Lark Galerida cristata R C O LC

104 Hirundinidae Wire-tailed Swallow Hirundo smithii SV C I LC

105 Barn Swallow Hirundo rustica WV R I LC

106 Plain Martin Riparia paludicola R R I LC

107 Motacillidae Gray Wagtail Motacilla cinerea WV C I LC

108 Paddyfield Pipit Anthus pratensis R C I LC

109 Tree Pipit Anthus trivialis V R I LC

110 Rosy Pipit Anthus roseatus WV C I LC

111 White Wagtail Motacilla alba WV C I LC

112 Citrine Wagtail Motacilla citreola WV R I LC

113 White-browed Wagtail Motacilla madaraspatensis R VC I LC

114 Campephagidae Small Minivet Pericrocotus cinnamomeus R R I LC

115 Pycnonotidae Red-vented Bulbul Pycnonotus cafer R VC F LC

116 Laniidae Bay-backed Shrike Lanius vittatus R C O LC

117 Long-tailed Shrike Lanius schach SV C O LC

118 Muscicapidae Pied Bushchat Saxicola caprata R C G LC

119 Variable Wheatear Oenanthe picata WV R G LC

120 Isabelline Wheatear Oenanthe isabellina V R G LC

121 Black Redstart Phoenicurus ochruros WV R I LC

122 Oriental Magpie-Robin Copsychus saularis R VC I LC

123 Gray Bushchat Saxicola ferreus WV C I LC

124 Indian Robin Copsychus fulicatus R VC I LC

125 Bluethroat Luscinia svecica R R I LC

126 White-tailed Stonechat Saxicola leucurus V R G LC

127 Paridae Great Tit Parus major WV C F LC

128 Nectariniidae Purple Sunbird Nectarinia asiatica SV C N LC

129 Zosteropidae Oriental White-eye Zosterops palpebrosus R C I LC

130 Estrildidae Scaly breasted munia Lonchura punctulata WV VC G LC

131 Passeridae House Sparrow Passer domesticus R VC G LC
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Table 1 Comprehensive list of bird species recorded utilizing Gharana wetland conservation reserve and associated agricultural fields
(Continued)

132 Sind Sparrow Passer pyrrhonotus WV R G LC

133 Ploceidae Baya Weaver Ploceus philippinus WV C O LC

134 Black-breasted weaver Ploceus benghalensis WV R O LC

135 Sturnidae Brahminy Starling Temenuchus pagodarum WV R O LC

136 Common Starling Sturnus vulgaris WV C O LC

137 Bank Myna Acridotheres ginginianus R VC O LC

138 Asian Pied Starling Gracupica contra V C O LC

139 Common Myna Acridotheres tristis R C O LC

140 Oriolidae Eurasian Golden Oriole Oriolus oriolu WV R O LC

141 Dicruridae Black Drongo Dicrurus macrocercus R C I LC

142 Ashy Drongo Dicrurus leucophaeus SV C I LC

143 Corvidae House Crow Corvus splendens R VC O LC

144 Rufous Treepie Dendrocitta vagabunda R C O LC

145 Large-billed Crow Corvus macrorhynchos WV R O LC

146 Cisticolidae Ashy Prinia Prinia socialis R C I LC

147 Striated Prinia Prinia crinigera R C I LC

148 Common Tailorbird Orthotomus sutorius R C I LC

149 Plain Prinia Prinia inornata R C I LC

150 Common Chiffchaff Phylloscopus collybita WV C I LC

151 Zitting Cisticola Cisticola juncidis R R I LC

Residential status: WV winter visitors, R resident, V vagrant and SV summer visitors. Abundance: C common, VC very common, R rare. Feeding: BF bark feeder,
C carnivorous, F frugivorous, G granivorous, H herbivorous, I insectivorous, N nectarivorous, O omnivorous. IUCN Status (as of the time of manuscript preperation):
LC lea
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Fig. 2 Location of Gharana wetland conservation reserve and associated agricultural fields in Jammu and Kasmir, India from July 2012 to June 2013
(figure prepared by PSJ and is not under copywrite)
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e for the conservation of endemic and globally
atened birds, but also for a complex array of flora
fauna that attract such a broad range of bird
ies.

clusions
ter visitors were frequently found in GWCR, while
mer visitors were rare, reinforcing the importance of
region as a wintering site for high-altitude species.
conservation of this wetland is especially crucial for
globally-threatened species. We have provided base-
documentation to help future monitoring efforts for
region, and a template to initiate the implementation
nservation plans for other remote IBAs.
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y site
rana 32°32’28” N; 74°41’27” E; 281 m asl (Fig. 2)
cated on the international India-Pakistan border
he south-western part of Jammu province in the
an state of Jammu and Kashmir. It is a naturally
tained, rain-fed swamp with a bottom surface of
y clay with decaying vegetation. Surrounding
ts include macrophytes such as Eicchornia spp.
Hydrilla spp. [22] and the Common reed (Typha spp.).
itional sources of water are spillover from a nearby
l (the Ranbir Canal) and surface runoff from agricul-
l areas [19].
is wetland and its adjacent agricultural fields are in
subtropical climatic zone where summer tempera-
s may reach 46 °C maximum and winter minima
ease to as low as 2 °C. Annual rainfall is around
mm, with most precipitation occurring when the

h-western monsoon winds arrive from July-September.
agricultural fields adjacent to Gharana village also
ides both suitable habitat, and concomitant threats,
diverse group of bird taxa. Owing to the wide diver-
of avifauna, and also being a wintering ground for
y threatened and migratory waterfowl, GWCR was
declared as Important Bird Area (IBA) by the Bombay
ral History Society and BirdLife International [23].

collection
conducted twenty-four surveys from July 2012 to
2013, covering all seasons; summer (April–June),
soon (July–Sept), autumn (Oct–Novem) and winter
–March). Our surveys (Fig. 2) followed well estab-
d methods including line transects and point count
ods, as per [24]. Bird counts were direct visual
tings only. Counts were performed twice per month
ll sites by a team of ten individuals in the early

ov
do

m
VC
of
qu
te
do
M
pr
su
ye
re
ra
N
su
tio
un
sta
[2
in
pl

Lim
Th
hy
an
be
de

Ab
GW

Ac
We
for
co
sup
Gh
an

Fu
No
an

Au
PS
an
the
ning (07:00–10:00) during the time of highest bird
ity [25] and lowest human disturbance. Experts with

the fin

______________________ WORLD TECHNO
T

200 h of wetland bird identification and post-
oral training were consulted throughout the period.
e classified all species as common/rare, resident/
atory status of the birds as per [26] For instance,
very common species encountered during 80%
ll surveys); C = common species encountered fre-
tly (50–70%) and R = rare species which are encoun-
less frequently (10–20%). Likewise, if we only

mented a particular species between December and
ch, then we considered it as a winter visitor. Whereas,
ence between April and June was documented as a
mer visitation. If we documented a bird throughout a
in and around GWCR, then it was considered as a
ent. Feeding guilds were identified from the literature,
er than what birds were seen feeding on at the time.
n Monarch 10 × 42 binoculars were used during
eys for taking observations and on-the-spot identifica-
. We used photographs and/or video to validate any
entified species. The checklist was prepared using the
dardized common and scientific names assigned in
All data collected were observational and did not

lve any manipulation or alteration of any animals,
ts or humans.

tations
limitations of our study are due to the lack of
theses testing, and is purely descriptive. Post-hoc
yses may be performed using our data set which has
submitted to a public repository (details in the

arative statement).
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Shoaling promotes place over response learning 
but does not facilitate individual learning of that 
strategy in zebrafish (Danio rerio)
Claire L. McAroe1,2, Cathy M. Craig2 and Richard A. Holland1,3*

Abstract

Background: Flexible spatial memory, such as “place” learning, is an important adaptation to assist successful
foraging and to avoid predation and is thought to be more adaptive than response learning which requires a
consistent start point. Place learning has been found in many taxonomic groups, including a number of species of
fish. Surprisingly, a recent study has shown that zebrafish (Danio rerio), a common species used in cognitive
research, demonstrated no significant preference for the adoption of either a place or a response strategy during a
plus maze task. That being said, a growing body of research has been looking at how group living influences
navigational decisions in animals. This study aims to see how zebrafish, a shoaling species, differ in their ability to
perform a maze task when learning in a shoal and as an individual.

Results: Results suggest that shoals of zebrafish are able to learn to perform the spatial memory task in a
significantly shorter time than individual fish and appear to show place learning when tested from a novel start
point. Interestingly, zebrafish who were trained first in a shoal but were then tested as individuals, did not show the
same level of consistency in their choice of navigation strategy.

Conclusions: These findings suggest that shoaling influences navigation behaviour, resulting in faster group
learning and convergence on one spatial memory strategy, but does not facilitate the transfer of the strategy
learned to individuals within the shoal.

Keywords: Zebrafish, Danio rerio, Spatial memory, Spatial cognition, Navigation, Shoal

Background
Being able to navigate through a familiar environment is
critically important in the lives of all animals. Successful
spatial memory helps an animal find food and avoid pre-
dation [1–3]. Previous studies have suggested that animals
can use a variety of methods to find their way through an
environment [4–6], using two predominant mechanisms
for encoding spatial locations to memory, namely egocen-
tric and allocentric [7, 8]. Allocentric encoding, so called
“place learning”, is thought to be more complex and

cognitively demanding as it involves building up relation-
ships between multiple features within the environment
and is often synonymous with a cognitive map [6, 8], al-
though relationships between multiple features can arise
through associative mechanisms [9–13]. On the other
hand, egocentric encoding is based more on learning a
particular set of responses to reach the goal, for example,
learning a route and is thus often referred to as response
learning [8, 14]. By creating complex mental representa-
tions of the landmarks within the environment not solely
reliant on associative processes formed with single cues,
allocentric spatial memory is thought to be a more flexible
strategy as it allows the animal to locate a goal from a
novel start point without the need to recapitulate a previ-
ously learned route [15]. Previous experiments have

* Correspondence: r.holland@bangor.ac.uk
1School of Biological Sciences, Queen’s University Belfast, Medical Biology
Centre, 97 Lisburn Road, Belfast BT9 7BL, Northern Ireland
3Current address, School of Biological Sciences, Bangor University, Deiniol
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typically used a maze task to assess which strategy animals
prefer when encoding location in spatial memory [7, 16,
17]. Such experiments suggest that a number of
taxonomic groups are capable of using a predominantly
allocentric strategy but are also capable of switching
between different strategies in order to accommodate
changes within the environment [4]. Other factors such as
age, or experience may also influence whether animals use
an allo- or egocentric strategy [14, 18].
Individuals within a group may prefer different strat-

egies for facilitating spatial learning, and it is possible
that group-moving animals are presented with conflict-
ing directional preferences among group members. How
the individuals, and the group as a whole, deal with this
potential difference in spatial memory mechanisms
within the group poses an interesting question. Although
the role of group living in navigational decision-making
has been relatively understudied, it has started to receive
more attention in the last 10 years. The effect of group
living on navigational accuracy [19] and/or collective de-
cisions [20] has been explored theoretically. Empirical
studies have looked at how information affects group co-
hesion [21–24] and how differential experience influ-
ences group decisions [25, 26]. However, the question of
whether being a member of a group influences overall
choice of navigational strategy remains unanswered.
Related to this is how group membership influences
the spatial learning of individuals within the group.
Some evidence suggests that individual guppies can
learn foraging routes from others [27], but in other
cases, the so called “passenger effect” occurs (e.g. in
pigeons), in which following another animal to a goal
does not facilitate individual learning [28] (although
see [29]). In general however, the extent to which be-
haviours formed as a group are retained by individ-
uals, is poorly understood [30].
Fish are often selected as preferred animals of study

as they are relatively easy to keep compared to other
vertebrates (e.g. mammals) and also have comparative
cognitive ability [31]. Indeed, the general use of fish
in learning and memory experiments has significantly
increased in recent years [32, 33]. Shoalling is also a
common occurrence in fish species which makes them
ideal models for studying group behaviour [31–34]. A re-
cent study by the authors used a plus maze task to
explore the individual spatial memory of four differ-
ent species of fish. The results showed that three spe-
cies of fish (killifish, goldfish and Siamese fighting
fish) demonstrated a preference for the use of the
more complex, allocentric place strategy, whereas the
fourth species, zebrafish, showed no significant prefer-
ence for either a place (allocentric) or a response
(egocentric) strategy. Furthermore, the zebrafish were
found to take significantly longer to learn the task

than any of the other three species [16]. The fact that
zebrafish are a naturally shoaling species [34–36] pre-
sents an opportunity to investigate how different indi-
vidual preferences may influence the overall strategy
of the shoal and indeed the general cohesiveness of
the group.
With this in mind, our study aims to address two

questions: [1] does shoaling result in a more consistent
navigation strategy, and; [2] does it facilitate or impede
transfer of learning to individuals within the shoal? To
answer these questions, we will compare the predom-
inant navigation strategies (allocentric (place learning)
vs egocentric (response learning)) adopted by individ-
ual zebrafish, shoals of zebrafish, and individual zebra-
fish trained in shoals using the classic plus maze
paradigm.

Methods
Subjects
Twenty individual zebrafish (Danio rerio) were trained
and tested as part of a previous experiment [16] and
form part of the analysis of the results presented here.
Forty shoals consisting of five fish (200 individual zebra-
fish in total) were tested during the course of the current
experiment. Two groups of 20 shoals were tested under
two different experimental procedures on the probe trial
(see below). The fish were all adults although exact age
was unknown. The sex of the fish was not known. All
animals were experimentally naïve and were commer-
cially sourced from two local suppliers, due to availabil-
ity of stock (the 20 trained and tested as individuals
from Exotic Aquatics, Belfast, N. Ireland and fish in
shoals from Grosvenor Tropicals, Lisburn, N. Ireland).
All fish were introduced to the laboratory a minimum of
1 week before any experiments began. This was to allow
the animals time to acclimatise to laboratory conditions
and also to allow natural shoaling to occur in the rele-
vant fish.

Housing conditions
All apparatus was commercially sourced (from sources
listed in the Subjects section and also from Maidenhead
Aquatics, Newtownabbey, N. Ireland). Individual zebra-
fish were each housed separately in 2 L glass jars) during
the course of experimentation for identification pur-
poses. A maximum of 10 jars were placed together on a
heat mat at any one time so that individuals could see
other conspecifics. Shoals were kept in 25 L tanks with a
density of five individual fish in each. Water was main-
tained at an average temperature of 25 o C. When not
completing experiments, all fish were fed commercial
flaked food. pH and waste levels in all tanks were moni-
tored regularly using API Freshwater Master Test Kit
and water changes were carried out on a regular basis.
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Waste levels were kept within safe ranges (0 ppm am-
monia & nitrite; <40 ppm nitrate). pH range was main-
tained at a range of 7.7 ± 0.3. All fish were maintained
in a 13: 11 h light: dark cycle at all times during the
laboratory.

Experimental design
Apparatus
The exact apparatus used in a previous related study [16]
was also used during the course of these experiments and
consisted of a plus maze made from acrylic Perspex panels
glued to the inside of a square tank measuring
63 cm × 63 cm × 43 cm (Fig. 1). pH, waste levels and
temperature were maintained at the same levels as the
housing conditions and water changes were also carried
out regularly in the experimental tank. All trials (both
training and probe) were recorded using a Sony HDR-
X190E Handycam video camera mounted above the tank.
Trials were timed using a standard stopwatch.

Experimental design
Training-individuals
Training was conducted between 19/03/2013 and 14/03/
2014. A training block consist of a total of 10 trials. Each
fish would complete a maximum of one training block
per day. Training began at 9 am and carried on until
each fish had completed one block. Fish were randomly
assigned to receive a bloodworm reward at the arm ei-
ther to the left or to the right of the start arm (n = 10
for each side). A trial was considered complete when the
tail fin of the fish had passed fully into either arm of the
maze. If the fish swam to its assigned rewarded arm, it
would receive bloodworm immediately administered by
the experimenter using tweezers and the fish would then
be moved back to the start arm for the next trial. If the

fish turned to their correct side in 8 out of 10 of these
trials, this training block was considered ‘successful’. If
the fish had 3 consecutive ‘successful’ training blocks,
then the fish was considered to have reached training
criterion. The probability of at least 24/30 trials correct
occurring by chance is <0.0001 and this is consistent
with other studies using this method as a criterion e.g.
[6]. If the fish swam to the unrewarded arm, the exit
from that arm would be blocked using a removable piece
of Perspex and the fish would receive a two-minute
“time out” (no reward given), to mimic the amount of
time the fish spent feeding before being moved back to
the start arm for the next trial.
The water in the tank was disturbed between each trial

to help minimise the risk of the fish using olfactory cues
to navigate. The tank would also be fully filtered for a
minimum of 20 min between each individual training
block. Potential intramaze visual cues were reduced or
eliminated where possible, e.g. the heater was removed
from the tank during experiments, and the tubing of the
external filter was mirrored in the maze layout using
additional pieces of tubing. Outside the maze, there was
a wall at the end of the left arm, while there was no wall
at the end of the right arm. Potential extramaze cues in-
cluded housing tanks and pieces of paper and plastic on
the wall. No attempt was made to control access to these
global cues. The location of the experimenter varied
across individual trials, moving to different locations
relative to the arms of the maze. However, due to, the
nature of the setup, namely goal arms being perpendicu-
lar to the edge of the bench, the experimenter was con-
strained to the right side (with respect to the training
start box) of the maze.

Shoals
Twenty shoals of five fish were used and received all
their training and testing as shoals. Training was com-
pleted 17/03/2014 and 17/04/2014 In a similar fashion
to that of individual training. Again training would start
at approximately 9 am and continue until all shoals had
completed a full block. During training trials, half of the
shoals in each group would receive a food reward in the
left hand arm of the maze, and the other half in the
right. In these instances, a trial would be considered
complete when all five fish were in either the left or the
right arm of the maze at the same time. This was the
only difference in the training of individual fish and
shoals. As with individuals, if the shoal swam to their al-
located rewarded arm, the shoal would immediately re-
ceive a bloodworm reward administered with tweezers.
If, however, the shoal swam to the other arm, they would
receive the same two-minute “time out”. As with indi-
vidual fish, a training block was considered successful if
8 out of 10 trials were correct and the shoal was

Fig. 1 Layout of experimental T-maze. The T-maze was formed by
blocking the arm directly opposite the start arm with a piece of Perspex.
A reverseReverse layout would be used as the T-maze for probe trials,
i.e. with the Perspex blocking the training start arm
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considered to have reached criterion when 3 consecutive
training blocks were achieved.

Shoals tested as individuals
To assess whether individuals trained as a shoal dis-
played a different distribution of navigational choices
compared to individuals trained individually, a second
group of 20 shoals of five fish were also trained following
the same procedure used in the training of the first
batch of shoals. These experiments were completed be-
tween 19/08/2014 and 26/11/2014. As above, training
started at 9 am and continued until all shoals had com-
pleted a full block of trials. The only difference was that
upon reaching criterion and being tested with probe
trials, these shoals were tested as the five individual
members rather than as a shoal (see below).

Probe trial- individuals
On reaching criterion, an individual would immediately
receive a probe trial. This trial would begin in the op-
posite arm from training (Fig. 1), with the original start
arm now blocked. Again a trial would be considered
complete when the tail of the fish had passed into either
the left or right hand arm. If the individual moved to the
previous rewarded arm, this was recorded as a place
strategy. If it swam using the same turning direction as
on training trials (i.e. the opposite location to where it
was rewarded), it was recorded as a response strategy.
No reward was administered during probe trials. After
the probe trial, the animal would be returned to their
housing tanks and experimentation for that animal
would be complete.

Probe trial – Shoals
As for individuals, for the first 20 shoals, on reaching
criterion, a shoal would immediately receive a probe
trial, in which they would start in the opposite arm from
training with the original start arm blocked. Again, a
trial would be considered complete on the first occasion
that all five fish were either in the left or right hand arm
at the same time. If the shoal moved to the previous
rewarded arm, this was recorded as a place strategy. If
the shoals swam using the same turning direction as on
training trials (i.e. the opposite location to where it was
rewarded), it was recorded as a response strategy. Again
no reward was administered for probe trials. After the
probe trial, the animals would be returned to their hous-
ing tanks and experimentation for those animals would
be complete.

Probe trial – Individuals trained as shoals
A second set of 20 shoals was involved in the experi-
ment to assess the navigational choice used by individual
fish following training as members of shoals. Upon

reaching training criterion, the shoal was immediately
removed from the experimental tank and was placed in
a beaker containing water from the experimental tank. A
single fish would be placed into the probe start arm and
would complete the probe trial alone with its choice
recorded before it was removed and returned to its
housing tank. As per the previous two groups, no reward
was administered during probe trials. The water would
be disturbed and allowed to settle before another fish
would be placed into the start arm to complete the
probe trial, and so on until all five fish had completed a
probe trial.

Shoal cohesion
To assess whether all individuals within shoals made the
same decision we noted whether a shoal was cohesive or
non cohesive. Cohesive was defined as all fish entering
the same goal arm on their first choice, whereas non
cohesive was defined as the shoal splitting in their first
choice of goal arm.
Due to a technical issue, only 18 of 20 probe trial

videos were available for this analysis.

Statistical analyses
Data were analysed using SPSS statistical package
(v20.0). A generalized linear model with an underlying
poisson loglinear distribution was used to assess the ef-
fect of experimental group on the number of blocks re-
quired to reach training criterion. This performs better
than a square root transformation and analysis as-
suming a Gaussian distribution [37]. Individual bino-
mial tests were used to assess whether there was a
significant preference for either a place or a response
strategy on navigation choices made in each experi-
mental group, and to assess the prevalence of shoal
cohesion on the probe trial.

Results
Acquisition time
Acquisition time was the number of blocks required to
reach training criterion by each shoal or individual fish
(Fig. 2). There was a significant main effect of experi-
mental group on task acquisition time: Wald χ2

(df = 2) = 54.15; P < .001. Posthoc analyses showed that
individual zebrafish took significantly more blocks to
learn the training task than either set of shoals
(P < .001). There was no significant difference between
the two sets of shoals on acquisition time (P = .290).
(See Fig. 3).

Navigational strategy
Figure 4 shows the percentage number of times in each
experimental group that the fish adopted a place or re-
sponse strategy during the probe trial. Individual
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WTbinomial tests showed that the experimental group that
was trained and tested on the probe trial in shoals had a
significant preference for choosing a place strategy
(binomial test: N = 20, P = .012) whereas the group of
fish who completed training and probe trials as individ-
uals, and the group that completed training trials as
shoals but the probe trial as individuals showed no sig-
nificant preference for either a place or response strategy
(binomial test: N = 20, P = .507 and N = 100, P = .271
respectively).

There was no significant difference in the time taken
to reach a decision on the probe trial for each group. As
the variance differed between groups (Levines test:
W2,137 = 3.57, p = 0.031), the Welch test was used
(ANOVA, Welch test, F2,39.56 = 0.94, p = 0.399).

Shoal cohesion
Individuals within shoals were significantly more likely to
choose the same side as all shoal mates, i.e. remain cohe-
sive than to choose different sides i.e. be non cohesive
during their first choice of side on the probe trial; (Fig. 5,
Binomial test: N = 18, P = .008). There was no relationship
between cohesion and strategy choice (Fig. 6), with a place
strategy dominating in both cases.

Fig. 2 Mean learning performance of each of the experimental
groups during training. Numbers next to symbols indicate the
number of units comprising that data point. The dashed line
indicates the learning criterion

Fig. 3 Boxplot showing task acquisition time for each experimental
group where “Individual” represents the group of 20 individual zebrafish
that formed part of a previous study. “Shoal” was the group that were
trained and received probe trials as shoals, and “Individual Probe/Shoal
Training” indicates the group that received all training trails as shoals but
completed probe trials as individuals. Rectangular boxes display 25th &
75th quartiles and the median. In both the “Shoal” and the “Individual
Probe/Shoal Training” groups the median was equal to the minimum
value of 3. Whiskers represent the 10th and 90th percentile of the
data.Outliers outside this range are marked with circles

Fig. 4 Bar Chart showing the percentage number of times individual/
shoals in each experimental group adopted either a place or a response
strategy. An asterisk (*) indicates a significant difference between the two
strategies for that group (P < 0.05). Numbers above bars indicate the n
for that group

Fig. 5 Number of shoals observed to be cohesive and non-cohesive
on the probe trials during the second set of experiments completed.
Data was available for 18 out of 20 shoals only
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Discussion
This study investigated the effect of shoaling on the
adoption of a navigation strategy in zebrafish (Danio
rerio). Results showed that fish who completed the task
in shoals took a shorter period of time to learn than
individual fish. Unlike individuals, when tested on the
crucial probe trial, shoals adopted a more consistent
navigational strategy across the population with a signifi-
cant preference for the allocentric “place” strategy being
shown. As a result, shoals were more likely than chance
to adopt a navigational strategy that took them to the lo-
cation of the food reward in training when tested from a
novel start point. These findings suggest that whereas in-
dividual zebrafish do not show a consistent navigation
strategy, to learn the location of a food reward as a
shoal, the most flexible navigation strategy is adopted
from a novel start point (i.e. the one that takes them to
the location of the food reward that was learned in train-
ing). Some caution is warranted in the fact that the fish
from the individual experiments came from a different
commercial supplier than those used in the shoaling ex-
periments. A number of factors such as age, sex, rearing
environment and nutritional status prior to housing
were unknown. However, the consistency between indi-
vidual responses on probe trials whether trained as an
individual or as a shoal would suggest that the responses
seen here here are robust.
Many experiments, including this study, use a binary

choice which places navigational decisions in conflict
with group cohesion and thus may confound our under-
standing of the factors involved in collective decision
making [38]. However, in the case of our experiment
there was no a priori reason to expect that individuals
that had learned a place strategy would be more likely to
influence the group decision than those that had learned
a response strategy. How this mechanism occurs

requires further investigation. Place learning is a com-
mon phenomenon across a number of vertebrate taxa-
nomic groups and appears to be the preferred strategy
[39], but the preference for a place strategy is also influ-
enced by a number of factors including age and quantity
of training [14, 18]. One possibility is that if there are,
on average, slightly more “place” learners than “re-
sponse” learners within each group, then the majority
may win, with the response learners sacrificing individ-
ual learning to maintain cohesion within the group. This
is suggested by the fact that in this current experiment,
more shoals than predicted by chance stayed cohesive,
i.e. all chose the same goal arm as their first choice.
However, further experimentation is possibly required,
in which the number of place learners and response
learners is controlled for, to explore this in more depth.
Another possibility is that more dominant individuals
use a place strategy, and thus those leading the shoal are
more likely to choose place. Given that age is a factor in
place learing, this remains an alternative explanation
that also needs further investigation.
Zebrafish trained as shoals did not show a significant

preference for either a place or a response strategy when
tested from a novel start point as individuals. Whether
this is because of the passenger effect, where following
others overshadowed learning in some individuals, or
because individuals within the group learn and maintain
individual strategies in the training task, cannot be dis-
entangled in the current study. A recent study on hom-
ing pigeons navigating as a flock has, however, suggested
that leader-follower relationships may not only occur
naturally, but may be inevitable in moving groups [23].
The study also suggests that those individual animals
that take on the leadership role show more consistent
and effective spatial learning when travelling alone, sug-
gesting that, in some animals, individual learning may
have an impact on the overall movement of the group.
In spite of this, the results found in the study presented
here do suggest that the more flexible information that
determines the strategy of the shoal is not consistently
transferred to individual zebrafish. This is perhaps not
suprising as the training task could be solved equally
successfully by either a place or a response strategy and
so there appears no conceivable mechanism by which
those using a place strategy could demonstrate this to
others in the group.
As a shoaling species zebrafish are more likely to move

around their environment in a group [34–36] and this
has been argued to be beneficial for navigation (e.g.
through the “many wrongs principle”) [40]. The results
presented here confirm that living socially has an impact
on the cognitive performance of a group of fish. First, it
took individual fish significantly more time to reach
training criterion, suggesting that moving in isolation

Fig. 6 Bar chart showing the number of times the cohesive and non
cohesive shoals adopted a place or response strategy on the probe trial
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has an effect on the learning abilities of this species. It is
possible that having the animals from this social species
complete the task alone could have caused stress. No
visible signs of stress were observed, however, and all
fish ate the food reward administered on correct trials –
with avoidance of food being a common sign of stress in
fish [41].
Another issue to take into consideration is the wall at

the end of one arm of the maze. This wall could have
provided a significant salient cue meaning that the
“place” learning in this experiment may have been due
to beaconing rather than the use of allocentric processes.
If this was the case, it might have been expected that in-
dividuals would also show a significant preference for
learning location, however neither individuals trained
alone, nor those trained as shoals but tested alone,
showed a significant preference for either strategy. This
suggests that completing trials alone did affect spatial
memory. A similar argument could be made for the re-
striction on which side of the maze the experimenter
had to stand. Again, further investigation is required to
fully assess what cues could have been used by the ani-
mals in this experiment. Previous studies have tried to
do this by moving or altering the position of particular
landmarks, to investigate which cues animals adhere to
most when moving through a maze, or by totally eliminat-
ing landmarks [42–47]. Furthermore, the telencephalon
has been identified as the area of the brain in fish respon-
sible for encoding allocentric spatial information [48]. The
same experimental design could be used again with ab-
lated fish to assess whether such subjects would then
show a preference for the response strategy. This was,
however, beyond the scope of the current experiment.

Conclusions
This study demonstrates that moving in groups may
cause individuals with different navigation strategies to
converge on using just one strategy. In this case, it was
the more flexible allocentric strategy that allows location
of a goal from a novel start point that was used more
often by shoals of fish. Whether this was due to do a
majority rule, or a consequence of leader follower rela-
tionships through the choice of dominant individuals in
the group, remains to be seen. Many species of fish show
that shoal membership is fluid and is subject to fusion-
fission on a regular basis [49]. Some fish species known
to shoal have been shown to spend more than half of
their time moving in isolation from conspecifics [49].
Because individual zebrafish do not appear to learn and
transfer all relevant knowledge gained as a shoal mem-
ber when navigating alone, this may indicate that indi-
viduals are at much greater risk alone than when in
shoals as spatial memory is crucial for foraging and also
for avoiding predators [50, 51].
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Whole mitochondrial genomes provide increased 
resolution and indicate paraphyly in deer mice
Kevin A. M. Sullivan1, Roy N. Platt II1, Robert D. Bradley1,2 and David A. Ray1*

Abstract

Background: Recent phylogenies of deer mice, genus Peromyscus, have relied heavily on mitochondrial markers.
These markers provided resolution at and below the level of species groups, but relationships among species
groups and Peromyscus affiliated genera have received little support. Here, we present the mitochondrial genomes
of 14 rodents and infer the phylogeny of Peromyscus and related taxa.

Results: Our analyses support results from previous molecular phylogenies, but also yield support for several
previously unsupported nodes throughout the Peromyscus tree. Our results also confirm several instances of
paraphyly within the clade and suggest additional taxonomic work will be required to clarify some relationships.

Conclusions: Our findings greatly enhance our understanding of the evolution of Peromyscus providing support for
previously unsupported relationships. However, the results also highlight the need to address paraphyly that may
exist in this clade.

Keywords: Mitochondrial genome, Paraphyletic, Peromyscus, Phylogenetics

Background
Mitochondrial loci have been the most popular phylogen-
etic markers in animals for over three decades. Their ease
of amplification [1, 2], uniparental inheritance, lack of
recombination in mammals [2–4], differential selection
among genes [2], and general synteny [5] combine to make
mitochondrial phylogenetic markers an excellent choice
for many study systems. Recent increases in DNA sequen-
cing capabilities have provided an opportunity to sequence
full mitochondrial genomes (mitogenomes) rather than
partial, one, or a few mitochondrial genes. As a result, pre-
vious phylogenies that relied on a portion of the mitochon-
drion are now undergoing re-analysis in an effort to
expand support for or re-affirm previous conclusions [6].
The genus Peromyscus, commonly referred to as North

American deer mice, encompasses more than 70 species
that diverged within the last 6–10 million years [7].
Species including P. maniculatus [8] and P. leucopus [9]
are among the most common mammals in North

America and have been studied extensively for over
100 years [10]. Despite extensive study, new species [11]
and subspecies [12] are being described on a regular
basis. The large number of species, both described and
undescribed, as well as substantial cryptic variation, has
yielded numerous distinct phylogenetic hypotheses.
Previous classifications of Peromyscus recognized seven

morphologically distinct subgenera (Habromys, Haplomyl-
omys, Isthmomys, Megadontomys, Osgoodomys, Peromys-
cus, and Podomys) [13, 14]. Many of those subgenera
(Habromys, Isthmomys, Megadontomys, Osgoodomys, and
Podomys) have at times been elevated to generic status
[15]. Some recent molecular phylogenies, however, show
paraphyly [7]. Isthmomys is sister to the genus Peromyscus,
representing a distinct genus, as is currently accepted, but
Habromys, Megadontomys, Osgoodomys, Neotomodon,
and Podomys, distinct genera, were found within Peromys-
cus, rendering the genus paraphyletic [7, 16, 17], though
Neotomodon alstoni [18] previously had been Peromyscus
alstoni [14, 19].
Recent attempts to resolve the history of this clade by

Bradley et al. [16], Miller and Engstrom [17] and Platt et
al. [7] were based on various combinations of nuclear
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and mitochondrial genes. All three studies arrived at simi-
lar topologies, but varied in their levels of support at some
nodes. Species-level relationships were well-supported but
the relationships among some genera and species groups
were not. Given that approaches that use cytochrome b
(cytb) alone were somewhat successful in resolving
Peromycus, we reasoned that the use of whole mitogen-
omes, a more data-rich approach, may be an avenue to
more robust results at the generic and species group level,
thus providing additional clarity. Here, we analyze whole
mitogenomes from Habromys, Isthmomys, Neotomodon,
Peromyscus, Podomys, and three outgroups, Sigmodon,
Neotoma, and Reithrodontomys, as identified from previ-
ous molecular phylogenies [7, 16, 17].

Methods
Sampling, DNA preparation and sequencing
Taxa selected for this study were identified based on the
findings of Platt et al. [7]. Our objective was to reduce
taxon sampling for some groups to isolate specific clades.
To do so, we chose representatives from selected sub-
clades to serve as proxies. Specifically, one individual here
is a proxy for a larger clade (generally represented as a
species group). Members of Neotoma, Reithrodontomys,
and Isthmomys, which have determined to be closely re-
lated clades by several morphological and molecular ana-
lyses [7, 15, 16] were included. Species identifications,
museum catalog numbers and are included in Table 1.
Whole genomic DNA was isolated using a Qiagen

DNeasy Blood and Tissue kit (Qiagen, Valencia, CA) via
the manufacturer’s protocol and fragmented to ~ 400 bp.
Sizes were verified on an Agilient 2100 Bioanalyzer.

Illumina compatible sequencing libraries were prepared
from the fragmented DNA using the NEB/KAPA library
preparation. Each sample was tagged with a unique
index and pooled in equal proportions, after which, the
pooled libraries were sequenced on single run of an
Illumina MiSeq (2 × 250 bp). Raw data are available in
GenBank under BioProject ID PRJNA308567.

Mitochondrial genome assembly and annotation
Raw sequence reads were filtered and processed using
Trimmomatic version 0.35 [20]. Specifically, we clipped
Illumina adapters, disregarded read ends whose Phred
scores fell below 20, and utilized a four-base sliding win-
dow to trim reads once the average quality fell below 25.
We assembled mitogenomes through a custom Bash script
(https://github.com/KevinAMSullivan/Mitochondrial_
Genomes/tree/MIRA) The script utilized two major pro-
grams, MITObim [21] and MIRA [22] to map the filtered
reads to a reference genome before assembling the mito-
genomes. We selected Akodon montensis [23], a Sigmo-
dontine rodent and the most closely related organism
with a fully sequenced mitogenome, as the reference
(GenBank accession number KF769456).
MITOS [24] was used to annotate the mitochondrial

genes for each genome. Putative genes were submitted
to BLASTn to confirm sequence length. When gaps
were noted, we manually checked for frameshifts but
none were observed. Acceptable results were those
whose top hits were to a Peromyscus or closely related
species and that covered nearly 100% of the putative
gene. The putative gene was shortened or lengthened to
match the length of the BLAST hit if a different size. All

Table 1 Basic read, coverage and size data for each taxon. Museum ID refers to a special identification or catalogue number for
speciments at the Natural Science Research Laboratory, Museum of Texas Tech University

Taxon Museum ID Reads Avg. coverage Genome size

Habromys ixtlani (Goodwin, 1964) [35] TK 93158 1,912,125 22 16,515

Isthmomys pirrensis (Goldman, 1912) [31] TK 22583 1,689,780 106 16,628

Neotomadon alstoni (Merriam, 1898) [16] TK 148849 1,401,025 106 16,776

Neotoma mexicana (Baird, 1855) [30] TK 93257 2,967,246 102 16,697

Peromyscus attwateri (Allen, 1895) [37] TK 116711 1,082,677 122 16,679

Peromyscus aztecus (Saussure, 1860) [32] TK 93385 2,568,999 50 16,692

Peromyscus crinitus (Merriam, 1891) [27] TK 119629 1,389,297 65 16,703

Peromyscus megalops (Merriam, 1898) [48] TK 93381 1,444,002 33 16,925

Peromyscus mexicanus (Sassure, 1860) [32] TK 93144 1,524,641 243 16,860

Peromyscus pectoralis (Osgood, 1904) [36] TK 148816 1,771,386 238 16,833

Peromyscus polionotus (Wagner, 1984) [33] TK 24228 1,059,501 30 16,413

Podomys floridanus (Chapman, 1889) [49] TK 92501 1,738,547 62 16,517

Reithrodontomys mexicanus (Sassure, 1860) [32] TK 104488 1,576,095 190 16,606

Sigmodon hispidus (Say and Ord, 1825) [26] 160,320 1,055,119 27 16,394

Mean 1,655,746 114 16,664
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sequences were deposited in GenBank under the acces-
sion numbers KY707299–707312. Genome coverage was
estimated using bedtools genomecov [25] in combination
with mapping of the processed reads to each MITObim as-
sembly with BWA via a custom script (https://github.com/
KevinAMSullivan/Mitochondrial_Genomes/tree/MIRA).

Assembly validation
To test the reliability of mitogenome assemblies, we used
two cytb genes per taxon from GenBank as controls
(Additional file 1: Table S1), and worked under the as-
sumption that our reference assembled cytb gene and those
from GenBank should form monophyletic clades. We
chose full length, non-identical entries from the selected
species, aligned them with cytb from our assemblies, and
used RAxML [26] to estimate the best tree from 1000
maximum likelihood (ML) searches. Support for each node
was generated with bipartition frequencies from 10,000
bootstrap replicates. The GTR+GAMMA+I model of nu-
cleotide substitution was used for both ML analyses.

Phylogenetic analysis of whole mitochondrial genomes
We concatenated the mitochondrial protein coding se-
quences and aligned them with Muscle [27]. That align-
ment is available as Additional file 2. Bayesian and ML
phylogenetic analyses were accomplished using MrBayes
[28] and RAxML [26], respectively. For the Bayesian ana-
lysis, four independent runs on five chains were imple-
mented for 3,000,000 generations. We evaluated stability of
the final tree by continuing to an average standard devi-
ation of split frequency less than 0.01. The data were also
partitioned by codon. No substitution model was specified
as a prior to let the program search across all possible
models to determine the most appropriate model of evolu-
tion. We then used the selected model, GTR+GAMMA,
for our ML analysis, for which we implemented 1000 boot-
strap replicates. In both analyses, the A. montensis and S.
hispidus [29] mitogenomes were specified as outgroups
when drawing the trees as Neotominae and Sigmodontinae
are sister subfamilies whose relationships have been sup-
ported by previous analyses [30, 31]. Our unrooted tree
supports this relationship. The implementation scripts for
both analyses are available on github (https://github.-
com/KevinAMSullivan/MIRA-MitoBim/tree/
Phylogenies).

Results
We sequenced and assembled whole mitogenomes of 14
rodents in the subfamily Neotominae and one member
of Sigmodontinae, Sigmodon hispidus. Taxon sampling
included seven genera and six of the 13 species groups
within Peromyscus [16]. Genome assembly data, includ-
ing accession numbers, read coverage, and mean read
totals across all taxa, are listed in Table 1.

Each assembled mitogenome comprises 22 tRNA, 2
rRNA, and 13 protein coding regions, totaling 37 genes.
Although most genes are transcribed from the positive
(heavy) strand, several genes, mainly tRNAs but also in-
cluding nad6, are transcribed from the negative (light
strand). Additionally, the 3′ end of atp6 overlaps with
the 5′ end of atp8, a common characteristic in mitogen-
omes. Noncoding regions typical of mitogenomes are
present, including a control region downstream of cytb.
As these mitogenomes were not closed assemblies, such
variation in mitogenome size is thought to be due to the
highly variable and often heteroplasmic control region.
Validation of MITObim assembled and MITOS-

annotated cytb took three forms. First, reconstructed
genes clustered with loci amplified and sequenced using
more traditional methods (Additional file 3: Figure S1),
suggesting that the remaining protein coding sequences
were accurately assembled and annotated for each taxon.
Second, differences that were present are within accept-
able ranges for such rapidly evolving loci. Despite form-
ing monophyletic clades for each species, some of the
cytb genes differed from those in GenBank. For example,
cytb from our P. crinitus [32] mitogenome exhibited 43
and 44 differences, respectively, when compared to their
GenBank counterparts, i.e. ~ 96% identity. Divergences
in the range may be expected for such a rapidly evolving
locus within a species [33]. Third, we have high confi-
dence in our base calls. For example, average coverage
of our cytb loci is 142× (data not shown), and the aver-
age percentage of those reads indicating any given nu-
cleotide is 99.3%. Given such high support, as well as the
fact that P. crinitus is the top BLAST hit to the gene
(96% identify, 0.0 E value), we have confidence in the
veracity of our cytb sequences over alternate hypotheses
for such sequence dissimilarity. Similar results were ob-
served for cytb sequences in all taxa (Additional file 4:
Table S2). The single exception was for Neotoma mexi-
cana. The best match (100%) for our reconstructed cytb
sequence was to N. isthmica. However, N. isthmica is
closely related to N. mexicana [34], and the second best
hit was to N. mexicana (99%), confirming its validity as
an outgroup [35].
ML and Bayesian phylogenies inferred from mito-

chondrial protein coding genes recovered identical
topologies (Fig. 1). This topology is similar to recent
molecular phylogenies. First, S. hispidus, N. mexicana,
I. pirrensis [36], and R. mexicanus [37] are positioned
outside of Peromyscus. Unlike previous phylogenies
however, high posterior probabilities are found at these
nodes. In fact, every node, save that linking P. crinitus
and P. polionotus [8], has high support. Second, our
analyses indicated a paraphyletic Peromyscus. Finally,
Isthmomys and Reithrodontomys comprise a clade sister
to what is currently considered to Peromyscus and its
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WTaffiliated genera. This pairing is of note, as both genera
have shown conflicting relationships depending on the
marker used [7, 16, 17, 38].
Our phylogeny using whole mitogenomes largely mir-

rors that of Platt et al. [7], save the quartet of H. ixtlani
[39], P. aztecus [37], P. pectoralis [40], and P. attwateri
[41]. Platt et al. found P. attwateri and P. aztecus to
form a clade, with P. pectoralis as sister to this grouping
and H. ixtlani being the most closely related species to a
clade containing all three. The whole mitogenome tree
is in partial agreement with Bradley et al. [16] with
regard to these same four species. Our close pairing of
P. attwateri and P. pectoralis matches, but their phyl-
ogeny places P. aztecus as a sister group to a clade that
encompasses H. ixtlani, P. attwateri, and P. pectoralis.

Discussion
Regardless of the differences or similarities, our tree (Fig. 1)
provides support for previously unsupported nodes within
the Peromyscus phylogeny. Previous trees were largely re-
solved, but lacked significant support at key nodes, mainly
those in middle regions of the tree that identify relation-
ships among species groups [7, 16, 17]. Platt et al. [7] pro-
vided substantial support (posterior probabilities ≥ 95%
and bootstrap values ≥ 85) at nodes grouping the crinitus,
eremicus, and californicus species groups; the mexicanus,
megalops, and melanophrys species groups; and the azte-
cus and boylii species groups. However, support in the
Bayesian mitogenome phylogeny has posterior probabil-
ities (> 0.95) at every node and bootstrap support (> 90) in
the ML phylogeny at all nodes save one.
Two branches of our inferred phylogeny had not yet

been reinforced by any molecular analysis. The first
concerns H. ixtlani, P. aztecus, P. attwateri, and P.

pectoralis. Although some analyses had suggested a close
relationship among these taxa, no node in this clade had
received substantial support in any previous molecular
phylogeny. Our analysis is the first to provide such sup-
port for these relationships.
The second branch of interest suggests a close

relationship between Isthmomys and Reithrodontomys. Al-
though no phylogenetic analysis ever suggested the genus
Reithrodontomys should be nested within Peromyscus,
Isthmomys had previously been subsumed as a subgenus
[13]. The pairing is counterintuitive given their morpho-
logical differences. Although both occupy the same geo-
graphic region, there are obvious incongruities in size.
Isthmomys pirrensis can reach well over 100 g (averaging
140 g in one study) and 300 mm [42, 43], whereas rodents
in Reithrodontomys are much smaller. R. mexicanus ranges
from 167 to 190 mm in length [19], and a collection of dif-
ferent surveys gave a range from 7.9–9.5 g [42]. Although
their pairing has been previously suggested [7, 16, 17], our
analysis is the first to provide high support values.
One major weakness of our study is its lack of

complete taxon sampling. This makes comprehensive
phylogenetic reconstruction uncertain due to missing
critical (i.e. representing additional ingroups) taxa. The
addition of excluded taxa, especially Osgoodomys and
Megadontomys, should provide a more comprehensive
view of phylogenetic relationships within the genus. That
being said, the high support values we recover suggest
that the relationships at the deeper nodes are valid.
The Peromyscus phylogeny has been studied repeatedly

and revised often, using data from several sources [42].
This latest attempt, using next-generation sequencing,
continues to suggest paraphyly. Indeed, every molecular
phylogeny has been unequivocal in suggesting paraphyly.

Fig. 1 Phylogeny inferred by the partitioned maximum likelihood analysis. The topology of the Bayesian tree was identical. A. montensis was included
as a previously sequenced outgroup. Bootstrap values (above) and posterior probabilities (below) are provided at all internodes
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Given this observation, addressing the status of genera
subsumed within Peromyscus should be seen as a
priority within rodent taxonomy.
Aside from acknowledging paraphyly, future work on

Peromyscus phylogenetics should focus on further clari-
fying the true phylogeny via more taxa and markers. The
inclusion of additional mitogenomes will elucidate rela-
tionships within the genus to provide increased detail.
However, despite their advantages, mitochondrial loci
are imperfect markers. Mitochondria genomes are sus-
ceptible to incomplete lineage sorting (ILS) and intro-
gression [44]. Hybrids, especially asymmetric hybrids,
exemplify a similar problem in that they may all have
the same mitochondrial DNA and species boundaries in
those cases would not be reflected [45–47]. Supplement-
ing the mitochondrial phylogeny with large numbers of
nuclear markers such as ultraconserved elements (UCEs)
[48, 49] or retrotransposons [50, 51] is an important
next step in understanding phylogenetic relationships
within Peromyscus.

Conclusions
Here, we present analyses of whole mitochondrial ge-
nomes, for 14 species, ten of which are Peromyscus or
close relatives. The data yield phylogenies with signifi-
cant support at previously unsupported nodes, particu-
larly the pairing of Isthmomys and Reithrodontomys, but
also suggest paraphyly within the genus that could be
resolved by elevating monophyletic groups to genera or
subsuming currently recognized genera as subgenera.
Our analyses provide evidence that additional data will
help clarify the evolutionary history of this genus.

Additional files

Additional file 1: Table S1. Title of data: Cytochrome b GenBank
information. Taxa names and accession numbers for cytochrome b genes
downloaded from GenBank in Additional file 3: Figure S1. (XLS 28 kb)

Additional file 2: Whole mitochondrial exomes. Description: Alignment
of the protein coding genes of each assembled mitogenome along with
Akodon montensis, downloaded from GenBank. (TXT 257 kb)

Additional file 3: Figure S1. Cytochrome b phylogenetic validation.
ML tree of the assembled cytochrome b sequences compared with
cytochrome b sequences downloaded from GenBank. These results
showed if the sequences from our data correlated with known cytb
sequences. (PNG 60 kb)

Additional file 4: Table S2. v2. Cytochrome b blast validation. Best hits
to GenBank entries for cytochrome b genes from assembled
mitochondrial genomes. For N. mexicana, the best hit was to a closely
related species, with the second best hit to N. mexicana. (XLS 38 kb)
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White-nose syndrome fungus, Pseudogymnoascus 
destructans, on bats captured emerging from 
caves during winter in the southeastern United 
States
Riley F. Bernard1,2*, Emma V. Willcox3†, Katy L. Parise4,5†, Jeffrey T. Foster4,5† and Gary F. McCracken1†

Abstract

Background: Emerging infectious diseases in wildlife are an increasing threat to global biodiversity. White-nose
syndrome (WNS) in bats is one of the most recently emerged infectious diseases in North America, causing massive
declines in eastern bat populations. In the Northeast, winter behavior of bats during the hibernation period, such
as flying during the day or in cold weather, has been attributed to WNS. However, winter emergence of bats in the
southeastern United States, where winters are warmer, has received little attention. The goals of this study were to
determine if winter emergence results from infection by Pseudogymnoascus destructans, the causative pathogen of
WNS, and to investigate how pathogen load and prevalence vary by species, site, and over time.

Results: We collected epidermal swab samples from 871 active bats of 10 species captured outside of hibernacula
in Tennessee during winters 2012–2013 and 2013–2014. Deoxyribonucleic acid (DNA) from P. destructans was not
detected on 54% of these bats, suggesting that winter emergence occurs regardless of fungal infection. Among
infected bats, Perimyotis subflavus (tri-colored bats) had the highest mean fungal load, whereas Myotis lucifugus
(little brown bats) had the highest infection prevalence of all individuals captured. Less than 18% (n = 59 of 345
individuals sampled) of all M. grisescens (gray bats) captured had detectible P. destructans DNA on their forearms
and muzzle. Hibernacula with large M. grisescens populations had lower fungal loads than sites used by other
species; however, mean load per species did not significantly differ between M. grisescens and non-M. grisescens
sites.

Conclusions: We found that pathogen load and prevalence were higher on bats captured during winter
2012–2013 than in the following winter, indicating that fungal loads on bats did not increase the longer a
site was presumably contaminated. Repeated low-dose exposure, mild temperatures, and availability of prey
during winter in the Southeast may provide a regional refuge for surviving bat populations.

Keywords: Bats, White-nose syndrome, Hibernation, Tennessee, Body condition
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Background
Emerging infectious diseases in wildlife pose an increas-
ing threat to global biodiversity and conservation [1, 2].
A significant proportion of these diseases are the result
of “pathogen pollution”: the introduction by humans or
livestock of novel pathogens into naïve wildlife popula-
tions [2, 3]. Prominent examples of pathogen pollution
causing mass mortality are African rinderpest and am-
phibian chytridiomycosis. In the 1880’s rinderpest killed
90% of Kenya’s buffalo population, resulting in down-
stream effects on predator populations and ecosystem
health [2]. Chytridiomycosis has infected over 50% of all
amphibian species and can kill 80% of a population
within 4–5 months of its introduction [4]. Such emer-
ging infectious diseases are devastating to native species,
with deleterious effects that pervade ecosystems [2, 5].
White-nose syndrome (WNS) is a recently emerged in-

fectious disease that has rapidly spread through eastern
populations of cave hibernating bats in North America. It
is caused by the psychrophilic fungus Pseudogymnoascus
destructans, and was first documented in North America
in February 2006 at a cave in upstate New York [6, 7].
This invasive pathogen, which is hypothesized to have
originated in Eurasia [8–10], has since spread to more
than half of the United States (U.S.) and five Canadian
provinces and has killed over 5.7 million bats [11]. Cur-
rently, at least six bat species are experiencing detectable
population losses due to WNS, wherein once abundant
species are now threatened with regional extinction [11–
14]. Population declines and the loss of bat species due to
WNS are likely to have major ecological and economic
consequences, with expected increases in crop and forest
pest populations [15, 16].
Pseudogymnoascus destructans colonizes the cutane-

ous membranes of the muzzle, ears, wings and tail of
bats, eroding the epidermis and invading the underlying
skin and connective tissue [17]. Once invasion occurs,
P. destructans disrupts critical physiological functions
such as cutaneous respiration, blood circulation, and
water balance [18–21]. These physiological changes result
in more frequent arousals from torpor and increased de-
pletion of energy reserves needed for hibernation [21, 22].
Recent studies suggest infected individuals can elicit the
initial stages of an immune response (e.g. transcription of
cytokines); however, a protective response does not occur
due to hibernation [23–25]. Bats with WNS also exhibit
aberrant behavior in winter, including movement from
thermally stable cave environments to locations near the
cave entrance, daytime emergence, and flying in cold win-
ter temperatures [7, 12, 26].
Species-specific behaviors during hibernation, such as

microclimate preference, may also play a role in disease
susceptibility and survival [14, 27, 28]. In North America,
small bodied bats have been known to hibernate at

microclimate temperatures ranging from 0 to 10 °C
[20] and relative humidity as high as 90–100%, which
fall within the optimal growing conditions for P.
destructans. Whereas larger bodied species, like E. fus-
cus (mean = 12 g) and M. grisescens (mean = 10 g),
often roost in colder, drier sites in a hibernacula [29].
European bats, such as M. myotis, a 30 g species, have
been found to hibernate at microclimate temperatures
ranging from −4 to 12 °C [30], suggesting that there is
no optimal microclimate temperature for hibernating
bat species, with individual-specific microclimate pref-
erences within a species ranging widely [31, 32].
Myotis myotis is the most frequent bat in Europe doc-
umented with P. destructans and ulcerations leading
to the manifestation of WNS [27, 33–35]. Naturally
occurring P. destructans infections on M. myotis have
been found to be quite extensive, yet have not lead to
widespread mortality of the species [33]. Overall, the
most affected bat species in Europe are larger bodied
species, whereas in North America, small bodied indi-
viduals have experienced the largest population de-
clines due to WNS [13, 14, 36].
In northeastern North America, where winters are

severe and prey is limited, bats flying outside during the
hibernation period are likely suffering the effects of WNS.
However, bats in the southeastern U.S. are known to leave
hibernacula to feed on warm winter nights [Bernard et al.
unpublished], suggesting that winter activity in the South
may not be a consequence of disease [37]. As an example,
minimum night time temperatures throughout January in
Tennessee over the last four years ranged from −17 °C to
−6 °C, whereas external cave temperatures in Vermont
ranged from −27 °C to −17 °C, consistently 10 °C colder
[38]. As WNS has now spread throughout much of the
southeastern U.S. [39] the possible effects of winter activ-
ity on the epizootiology of WNS remain unknown. Winter
foraging on insects may provide bats hibernating in south-
ern latitudes with energy not available to bats in the
North. Further, arousing from torpor to engage in episodic
feeding during winter will raise body temperature, which
should activate the immune system and possibly bolster
immunological defenses against P. destructans. Evidence
from rabies in bats [40], as well as other host-pathogen
systems [41, 42], demonstrates that host immunity can
result from repeated low-level exposure to pathogens.
Behaviorally and physiologically, bats in the South may be
different from northern bats in ways that enable them to
survive WNS. To investigate possible effects of winter
activity on P. destructans infections on bats in southern
latitudes, we examined fungal load and prevalence on bats
captured outside of hibernacula during winter.
In this study, we assessed prevalence and fungal load

of P. destructans and identified lesions and ulcerations
caused by penetration of P. destructans into wing and
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tail membranes for ten species of bats captured while
active outside of hibernacula during two winters in
Tennessee. Our goals were to determine if emergence
during winter is caused by the presence of P. destructans
and to examine if there are relationships between winter
activity, fungal load and prevalence, and bat species. To
address these goals, we tested the following hypotheses: 1)
active bats leaving caves during winter in the Tennessee
will show signs of WNS as demonstrated by fungal load
or ultraviolet fluorescence; 2) fungal load and prevalence
will be higher on small-bodied cave hibernating species,
such as M. lucifugus (little brown bats), M. septentrionalis
(northern-long eared bats) and Perimyotis subflavus (tri-
colored bats), than larger bodied species, such as Eptesicus
fuscus (big brown bats) and M. grisescens (gray bats).

Methods
We conducted our study at the entrances of five hiber-
nacula in Tennessee from October to April 2012–2013
and 2013–2014 (Fig. 1). Prior to the emergence of
WNS, Blount Cave was the largest known endangered
M. sodalis (Indiana bat) hibernaculum in the state of
Tennessee, with an estimated population of 9500 indi-
viduals in February 2013 [43]. Small numbers of M.
lucifugus and P. subflavus also occur in the cave.
Hawkins and Warren Caves are two of the largest hi-
bernacula for endangered M. grisescens in the state,
with estimated populations of 150,000 and 400,000 M.

grisescens, respectively. Both caves also contain a small
population of M. sodalis during winter [44]. Campbell and
White Caves contain populations of M. leibii (eastern
small-footed bats), M. lucifugus, M. septentrionalis, and
M. sodalis, with fewer than 1000 individuals in each cave
[45]. Bats in Blount and Hawkins Caves were confirmed
positive for P. destructans in the winters of 2009–2010
and 2010–2011, respectively, with all other sites confirmed
by winter 2012–2013 [44, 46].
We captured bats at each site once a month using

mist-nets (Avinet Inc., Dryden, NY; mesh diameter: 75/
2, 2.6 m high, 4 shelves, 6–12 m wide). Site-specific sin-
gle-, double- and triple-high nets were deployed 30 min
before civil sunset at cave entrances and along corri-
dors within 100 m of the cave. We kept the nets open
for 5 h or until we captured 30 bats and closed them
when temperatures dropped below 0 °C. After capture,
individual bats were placed in paper bags and held for
30 to 60 min in an insulated box with four hand-
warmers (HotHands®, Dalton, GA). Myotis grisescens
and M. sodalis were held for a maximum of 30 min.
We recorded species, reproductive condition, forearm
length (mm), weight (g), mite load [47] and wing-
damage index (WDI, [48]), and collected epidermal
swab samples from each bat following established pro-
tocols (see below). During the winter of 2013–2014, we
examined bats for the presence of WNS-related fluor-
escence by transilluminating the wings with ultraviolet

Fig. 1 Cave locations within their county boundaries in Tennessee, United States. Bats were captured at each site once per month during winter
(October to April) 2012–2013 and 2013–2014. At least one bat at each site was found positive for P. destructans by winter 2012–2013
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(UV) light (wavelengths 385–390 nm, [49, 50]). If P.
destructans has penetrated the skin, lesions fluoresce
yellow-orange under UV illumination [49]. Fungal sam-
ples for each individual were collected using a sterile epi-
dermal swab dipped in sterile deionized water and rubbed
on the bat’s forearm and muzzle five times each [51].
Swabs were placed in RNAlater® Tissue Stabilization Solu-
tion (Life Technologies, Grand Island, NY) and stored at
4 °C. All cave-roosting species were banded with either
2.4 mm or 2.9 mm numbered, lipped alloy forearm bands
(Porzana, Ltd., Icklesham, East Sussex, UK) and released
at the site of capture. Due to the distance between sites
and the lack of evidence to suggest movement occurs be-
tween caves during winter in the region, we assumed each
cave was a closed population.
We extracted fungal DNA from each swab sample using

DNeasy 96 Blood & Tissue kits (Qiagen Inc., Valencia,
CA; [52]). All samples, as well as negative control wells
distributed across each polymerase chain reaction (PCR)
plate, were tested for the presence of P. destructans DNA
using a Real-Time PCR assay targeting the intergenic spa-
cer (IGS) region of the ribosomal ribonucleic acid (rRNA)
gene complex [53]. All plates were run in duplicate with a
quantified standard of isolate P. destructans 20,631–21.
Any reaction that crossed the threshold baseline in fewer
than 40 cycles on either plate was considered positive for
P. destructans DNA and, when relevant, the average P.
destructans load, hereafter referred to as fungal load, in
nanograms (ng) was calculated in each sample based on
the cycle threshold (Ct) value and a generated standard
curve based on serial dilutions ([34]; nanograms P.
destructans = 10–3.348xCt+22.049). Fungal load values of P.
destructans were averaged across both runs.
We followed field decontamination protocols in accord-

ance with the United States Fish and Wildlife Service
WNS Decontamination Guidelines and recommendations
by the state of Tennessee [54]. All capture and handling
techniques were approved by the University of Tennessee
Institute of Animal Care and Use Committee (IACUC
2026–0514) and were consistent with the guidelines is-
sued by the American Society of Mammalogists [55]. We
obtained both federal (USFWS TE-71613A; GRSM-2013-
SCI-1053; GRSM-2014-SCI-1053) and state (TWRA 3716;
TDEC 2011–031) permits to capture and handle bats at
winter hibernacula for this study.

Statistical analysis
Fungal load data were log transformed prior to analyses
to meet assumptions of normality and homogeneity of
variance. We used separate generalized linear models
(function glm in package lme4 [56] in Program R v
3.1.2 [57]) to compare changes in load and prevalence
of P. destructans for each species over time. Models
were run as either binomial (prevalence) or Gaussian

(fungal loads) distributions, and were tested for signifi-
cance using likelihood ratio tests. To determine the
change in P. destructans load and prevalence over time
within each model, we used a modified time axis similar
to Langwig et al. 2015 [36] where time-0 represented
the start of hibernation (October 1). Infection preva-
lence was calculated by dividing the total number of in-
fected individuals by the total number of individuals
captured during the same time period. All means are
reported ± standard error. The results presented herein
represent bats captured outside of each site, not of the
hibernating population as a whole.

Results
We captured and swabbed 871 bats of 10 species (593
males, 276 females, 2 unknowns due to escape; Table 1).
Of these, 408 individuals were positive for the presence of
P. destructans DNA (Pd+) by Real-Time PCR analysis. At
least one individual from all species captured was Pd+,
including two Corynorhinus rafinesquii (Rafinesque’s big-
eared bat), two Lasiurus borealis (eastern red bat) and one
Lasionycteris noctivagans (silver-haired bat) ([58]; Table
1). However, these three species were excluded from the
comparative analyses due to small sample sizes. Capture
rates of M. septentrionalis, M. sodalis, and P. subflavus
dramatically declined during winter 2013–2014, with M.
septentrionalis rarely captured after December 2013.
Fifty-one percent of the bats captured (n = 245/480)

during winter 2012–2013 were Pd+, whereas only 41.6%
of the bats (n = 163/391) were Pd + in winter 2013–2014.
When pooled by season, mean fungal loads were signifi-
cantly higher during the first year of sampling (likelihood
ratio test: X2 = 17.978, p < 0.0001). Excluding species with
low sample size, there were significant differences in load

Table 1 Total bats captured and swabbed at five caves in
Tennessee during winters 2012–2013 and 2013–2014

Winter 2012–2013 Winter 2013–2014

Species Pd+ Pd- Total Pd+ Pd- Total

Corynorhinus rafinesquii a 1 2 3 1 4 5

Eptesicus fuscus 8 11 19 8 11 19

Lasiurus borealis a 2 0 2 0 3 3

Lasionycteris noctivagans a 0 0 0 1 2 3

Myotis grisescens 24 139 163 35 147 182

Myotis leibii 21 23 44 24 27 51

Myotis lucifugus 11 1 12 14 5 19

Myotis septentrionalis 84 31 115 46 9 55

Myotis sodalis 38 11 49 14 8 22

Perimyotis subflavus 55 18 73 21 11 32

Tallies are provided for the total number of individuals determined positive
(Pd+) or negative (Pd-) for P. destructans through real-time PCR analysis
aData for these species are explained further in Bernard et al. [58]
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of P. destructans per species over time (likelihood ratio
test: X2 = 278.06, p < 0.0001, Fig. 2). Fungal loads were
lowest when bats entered hibernation in October
(−4.99 ± 0.328 log10 ng) and peaked for most species dur-
ing mid-hibernation (December–February; −2.80 ± 0.095
log10 ng; Fig. 2 and Additional file 1). Thereafter, mean
fungal loads on six of the seven species remained stable
through the end of the hibernation period in April.
However, mean fungal load on P. subflavus, the seventh
species, continued to increase through the end of hiber-
nation, reaching levels twice as high as those recorded
in December (Fig. 2). Perimyotis subflavus had the
highest mean P. destructans load (−2.34 ± 0.091 log10
ng), whereas M. grisescens had the lowest mean P.
destructans load of all species sampled (−4.89 ± 0.075
log10 ng). Infection prevalence varied among species,
with large-bodied species, such as E. fuscus and M.
grisescens, experiencing the lowest prevalence on average
(Fig. 3). Fungal loads on active bats in the Southeast were
also lower than on torpid bats sampled in a separate study
in the northeastern U.S. (Table 2).
During the second season of sampling, we examined

481 bats for WNS-related fluorescence. Ultraviolet
fluorescence revealed varying degrees of damage due to
the fungus, from small pin-sized lesions to large coalescing
regions of fluorescence and infiltration corresponding with
increased pathogen loads. Only 15 bats that fluoresced
showed some signs of wing damage, varying from slight de-
pigmentation to pin holes (WDI = 1). All bats captured
during early hibernation (October and November) were
negative for UV fluorescence. The highest percent of UV-

infected bats were captured during mid-hibernation
(December 35.9%, January 29.5%). A total of 66 bats were
positive by both PCR and UV, with only two UV positives
not detected as Pd + by PCR. A total of 181 individuals
were Pd + from PCR but UV negative, whereas 232 bats
were negative for both P. destructans and UV. Bats that
were Pd + by both PCR and UV had higher fungal loads
than individuals that were determined P. destructans posi-
tive only by PCR (t200.6 = 8.83, p < 0.0001). As noted in
Zukal et al. 2016 [8], we did not observe a threshold with
which the presence of UV fluorescence corresponded to a
minimum fungal load (UV positive: range − 4.74 – −0.22
log10 ng; UV negative: range − 5.73 – 0.36 log10 ng).

Discussion
Our study demonstrates that the emergence of bats
during winter in Tennessee is not indicative of WNS,
as less than half of all bats captured outside of the caves
sampled during the hibernation period were positive for
P. destructans. Although we can only make inference dir-
ectly to bats captured outside of hibernacula in Tennessee,
we find a wide range of P. destructans loads on captured
bats. As we are not only sampling high-load individuals
leaving the hibernacula we, therefore, can assume that our
results are representative of the entire population. By
capturing bats active during winter and coupling winter
activity with measures of prevalence and load of P.
destructans on bats, we highlight the regional differences
in the responses of WNS affected species within their
greater geographic range. This study demonstrates that as
WNS continues to spread throughout North America, it

Fig. 2 Mean monthly load of Pseudogymnoascus destructans per species. Mean load (± SE) of P. destructans (Pd) per month for seven species
captured at five cave sites in Tennessee during October–April; 2012–2013 (closed circles) and 2013–2014 (open circles). Circles indicate months
where Pd positive individuals were captured
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WTshould not be assumed that all individuals within a species
will react similarly to the disease. In the Northeast, a
secondary symptom of the disease is activity during win-
ter, specifically aberrant behavior, or bats flying during
cold weather or during daylight hours [12, 13, 26, 59].
Although, cases of unusual winter behavior have been
reported in the Southeast [37, 46], our data highlight that
nighttime emergences from hibernacula in Tennessee are
not always associated with P. destructans infection. There-
fore, the effects of WNS on bats in the southeastern U.S.
are not directly comparable to those in the North, as
regional and species-specific differences, like degree of
winter activity, body condition [60] and susceptibility to
disease [14, 36], likely vary significantly from those in the
Northeast.
Both infection prevalence and loads varied consider-

ably among species, with all small-bodied bats, except
M. leibii, having higher fungal loads and prevalence
than E. fuscus and M. grisescens. Species, such as M.
septentrionalis and P. subflavus, with high rates of fun-
gal loads and prevalence, were consistently found with
the largest regions of fluorescence and wing damage,
indicating high rates of tissue invasion by P. destructans
[48]. Whereas, M. grisescens, which have low fungal
loads and prevalence, were often found with substantial
discoloration, wing damage, and tissue loss unrelated to
WNS based on negative UV and PCR results, as well as
WNS WDI scoring [48, 61]. According to survey re-
cords in Tennessee, M. grisescens was often observed
with discolored wing membranes and significant scar-
ring and tissue loss prior to P. destructans North

American introduction (John Lamb and Troy Best, per-
sonal communication).
Although transmission of P. destructans among indi-

viduals could be associated with the accumulation of
the fungus within a hibernaculum based on the time
since initial introduction, number of bats, and internal
cave conditions, it is important to also consider species
specific biology and behaviors. When the Northeast
was the leading edge of WNS infection, small, solitary
bats, such as M. septentrionalis and P. subflavus, had
significantly higher fungal loads than similar sized colo-
nial species [11, 28, 41], suggesting P. destructans was
spreading via density-dependent transmission in these
two species as cluster size increased [14]. In contrast,
our findings suggest that M. sodalis and M. lucifugus,
species known to cluster in tight aggregations during
hibernation, had fungal loads and prevalence similar to
those of solitary species. Therefore, transmission of P.
destructans among more colonial species in southern
hibernacula may be a function of the frequency, or rate,
of infection among individuals within the cluster, rather
than the cluster size [14, 34, 62]. Interestingly, M. grises-
cens, the largest bat that hibernates exclusively in caves in
the Midwest and southeastern U.S., had the lowest fungal
loads and prevalence of P. destructans among all species
sampled (Figs. 2 and 3). This finding contrasts with pat-
terns observed in Europe, where M. myotis and other large
bodied hibernating bats have the highest incidence of P.
destructans [8, 35, 63]. In the Northeast, disease impacts
on M. lucifugus, M. septentrionalis and P. subflavus in-
creased with higher humidity and temperature within

Fig. 3 Infection prevalence of Pseudogymnoascus destructans on active bats captured in Tennessee. Infection prevalence (# infected individuals/
total # individuals sampled) of Pseudogymnoascus destructans (± SE) for seven bat species captured at five hibernacula in Tennessee during
winters 2012–2013 (closed circles) and 2013–2014 (open circles)
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roosts, such that individuals sampled in the coldest and
driest roosts had significantly lower fungal loads [14, 27].
Myotis grisescens, however, hibernate in aggregations of
100,000 to 1,500,000 individuals [64] in cold air traps vary-
ing from 1 to 9 °C [65], which are the lowest temperatures
at which P. destructans growth occurs [66]. As of spring
2017, M. grisescens have yet to experience any WNS-
related declines and their populations appear to have
remained stable within Tennessee. Although some M. gri-
sescens that we captured have been identified with second-
ary fungal infections, skin discoloration, and/or substantial
tissue loss [Bernard unpublished data, John Lamb and
Troy Best personal communication], we have yet to iden-
tify how the species is surviving WNS. Several behavioral
traits, such as preferred microclimates within hibernacula,
sustained activity and foraging throughout winter [37] and
year-round cave use [67, 68], may enable this species to
prevent or minimize the colonization of P. destructans
during torpor.
When all seven species with samples sizes ≥12 individ-

uals were combined, mean fungal load was highest during
mid-hibernation, December through February, the coldest
period of the year in the Southeast. Perimyotis subflavus,
however, continued to experience an increase in fungal
load through the end of hibernation, which could be
attributed to the microclimate (11 to 23 °C; ≥ 80% Rela-
tive Humidity) used by the species during hibernation
[69–71]. Alternatively, in vitro growth curves suggest
that P. destructans may reproduce more quickly in cave
environments that maintain more moderate temperatures
of 10 to 15 °C in winter [66], which could result in in-
creased growth rates of the fungus in southern hibernac-
ula, and therefore lead to a peak in fungal load within
species hibernating within that temperature range.
Contrary to our prediction and the findings of studies

from northern hibernacula [69], both pathogen load
and prevalence were lower in the second year of the
study for seven of the ten bat species captured [58]. By
the second survey year, all caves had been contami-
nated by P. destructans for at least two years. Although
this could be due to the decrease in the capture of
highly susceptible species (Table 1) caused by WNS re-
lated declines within each cave [72], climatic variation
between years could also impact disease spread. Similar
trends have been documented after the arrival of Batra-
chochytrium dendrobatidis, the pathogenic fungal agent
of chytridiomycosis in frogs. Pathogen loads in naïve
frog populations increased dramatically in the first year,
causing a rapid rise in infection intensity and preva-
lence in densely populated habitats [73]. As the patho-
gen load on infected frogs increased, many populations
suffered from high rates of mortality. However, the sur-
vival of infected individuals led to pathogen endemism
and population persistence on the frogs. A similar

dynamic may be occurring in hibernacula contaminated
by P. destructans [74, 75]. Individuals with high pathogen
loads perish in the first year, perhaps allowing for individ-
uals with minor P. destructans infections to return to the
hibernacula the following winter. Further, some scientists
hypothesize that increased incidences of chytridiomycosis
are linked to increases in global temperatures creating op-
timal sites for the pathogen [76, 77]. Similar responses
may occur with WNS if regions of the Southeast experi-
ence more extreme winters, creating more favorable con-
ditions for P. destructans growth or limited opportunities
for bats to replenish fat stores. Repeated low-level expos-
ure to P. destructans or endemism of the pathogen, mild
winters, and episodic feeding may allow for persistence of
bat populations hibernating in the Southeast.
Recent evidence from the Northeast suggests some pop-

ulations of bats have the ability to persist and reproduce
despite continued exposure to WNS [42, 75, 78, 79]. Com-
paring P. destructans loads on the same species sampled
while torpid in the Northeastern and active in the South-
eastern U.S., we find the average fungal loads over the sea-
son were consistently lower on active bats (Table 2).
Eptesicus fuscus and M. lucifugus captured in Tennessee
had lower loads than those sampled in northeastern hiber-
nacula, whereas fungal loads on M. septentrionalis and M.
sodalis were similar towards the beginning and end of
hibernation. Perimyotis subflavus in the Northeast, how-
ever, had higher loads than individuals sampled in the
Southeast. Meaningful direct comparisons are lacking due
to insufficient numbers sampled in the Northeast. Ultim-
ately, we are seeing that Pd + bats captured in Tennessee
have similar loads to torpid individuals sampled in more
northern areas of their range, indicating that activity and
survival in the Southeast may be more closely linked
with short, mild winters and moderate prey levels
during winter.

Conclusions
The depopulation of naïve bat hosts by WNS will likely
lead to chronic population depression [2] due to the
long-term persistence of P. destructans within cave
environments. Whereas, mortality in the Northeast can
reach 90% within two years of WNS confirmation [12, 13],
population declines likely attributed to WNS in the
Southeast occur four to five years after confirmation
and tend to be less severe in some species [26, 27, 40, 80].
Our findings support the hypothesis that emergence from
caves during winter may influence the variation seen in
pathogen load and infection intensity among species. By
understanding the species-specific dynamics of P. destruc-
tans within active winter populations, management strat-
egies, such as regional area closures and bio-control
treatments can be implemented more effectively. In the
Southeast, mitigation measures, such as cave area closures
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used to minimize external cave disturbances (e.g. Great
Smoky Mountains National Park) or bio-control agents
(e.g. Rhodococcus rhodochrous [81] and chitosan), may
work best when targeting hibernacula with small-bodied
bats such as M. lucifugus, M. septentrionalis, and P. sub-
flavus; species that are being hit the hardest by WNS in
the Southeast [80, 61]. Finally, our study suggests that
populations of some bats are persisting regardless of re-
peated exposure to P. destructans. Although the region is
currently experiencing WNS-related mortality within
highly affected species, mild temperatures and the persist-
ent availability of prey during winter may allow the South-
east to serve as a refuge for surviving bat populations.

Additional file

Additional file 1: Figure S1. Peak load of P. destructans on bats
captured leaving hibernacula. Maximum monthly load of P. destructans
for seven species captured at five cave sites in Tennessee during the
2012–2013 and 2013–2014 hibernation period (October–April). Circles
indicate months where Pd positive individuals were captured. Species
acronym codes: EPFU – Eptesicus fuscus, MYGR – Myotis grisescens, MYLE
– Myotis leibii, MYLU – Myotis lucifugus, MYSE – Myotis septentrionalis,
MYSO – Myotis sodalis, PESU – Perimyotis subflavus. (PNG 264 kb)
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Effects of agrochemicals on disease severity of 
Acanthostomum burminis infections (Digenea: 
Trematoda) in the Asian common toad, 
Duttaphrynus melanostictus
Uthpala A. Jayawardena1,2, Jason R. Rohr3, Priyanie H. Amerasinghe4, Ayanthi N. Navaratne5

and Rupika S. Rajakaruna2*

Abstract

Background: Agrochemicals are widely used in many parts of the world posing direct and indirect threats to
organisms. Xenobiotic-related disease susceptibility is a common phenomenon and a proposed cause of amphibian
declines and malformations. For example, parasitic infections combined with pesticides generally pose greater risk
to both tadpoles and adult frogs than either factor alone. Here, we report on experimental effects of lone and
combined exposures to cercariae of the digenetic trematode Acanthostomum burminis and ecologically relevant
concentrations of (0.5 ppm) four pesticides (insecticides: chlorpyrifos, dimethoate; herbicides: glyphosate, propanil)
on the tadpoles and metamorphs of the Asian common toad, Duttaphrynus melanostictus.

Results: All 48 cercaraie successfully penetrated each host suggesting that the pesticides had no short-term
detrimental effect on cercarial penetration abilities. When the two treatments were provided separately, both
cercariae and pesticides significantly decreased the survival of tadpoles and metamorphs and induced
developmental malformations, such as scoliosis, kyphosis, and skin ulcers. Exposure to cercariae and the two
insecticides additively reduced host survival. In contrast, mortality associated with the combination of cercariae and
herbicides was less than additive. The effect of cercariae on malformation incidence depended on the pesticide
treatment; dimethoate, glyphosate, and propanil reduced the number of cercarial-induced malformations relative to
both the control and chlorpyrifos treatments.

Conclusions: These results show that ecologically relevant concentrations of the tested agrochemicals had minimal
effects on trematode infections, in contrast to others studies which showed that these same treatments increased
the adverse effects of these infections on tadpoles and metamorphs of the Asian common toad. These findings
reinforce the importance of elucidating the complex interactions among xenobiotics and pathogens on sentinel
organisms that may be indicators of risk to other biota.
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Background
Amphibian populations in many parts of the world are
experiencing declines and malformations owing to mul-
tiple causes, such as xenobiotics, diseases, radiation,
habitat destruction, and climate change. [1, 2]. Among
these causes, considerable attention has been paid to the
effects of chemical contaminants on disease risk [3–7].
Amphibians prefer to live in littoral zones of wetland or
aquatic ecosystems where there is a high potential expos-
ure to agrochemicals [8]. Pesticides can travel over large
expanses of about 1000 km [9, 10] and therefore can affect
the aquatic life cycle stages of the amphibians.
Many studies conducted on effects of xenobiotic on

amphibians have focused on direct mortality and devel-
opmental defects that might contribute to population
declines [11–15]. For instance, the direct mortality of
late stage larvae of green frogs (Rana clamitans) and
spring peepers (Pseudacris crucifer)was studied by ex-
posing them to 3 ppb of the insecticide carbaryl [16].
Relyea et al. [12] reported that exposure to 380 ppb of
the herbicide glyphosate (Roundup) caused 40% reduction
of survival of American toad (Bufo americanus), leopard
frog (Rana pipiens), and gray tree frog (Hyla versicolor)-
tadpoles. Other than effects on survival, growth reduc-
tions due to pesticide exposure can potentially reduce
population growth rates of amphibians [12]. Further-
more, pesticides may delay or accelerate amphibian
metamorphosis [17–19]; delays could cause mass mor-
tality events if the water body dries up before metamor-
phosis and accelerated metamorphosis can compromise
the immune capacity of metamorphs [20]. In addition
to this indirect effect on immunity, pesticides can also
be directly immunotoxic increasing susceptibility to in-
fectious diseases [21].
Infectious diseases are particularly important because

they are well-documented, widespread causative agents
of amphibian population declines [22–24]. Among the
amphibian infectious diseases, those caused by trema-
tode infections have received much interest [23, 25, 26].
Deformed amphibians and associated mass mortality
events became a major environmental issue during the
late 1990’s [4] and later on, trematode infections were
identified as the major cause of many of these deform-
ities [27–30]. By deforming their hosts, the trematodes
are believed to enhance the chances that the intermedi-
ate host is depredated by a vertebrate definitive host,
thus facilitating their life cycle completion [the handi-
capped frog hypothesis; [4, 31].
Agrochemicals consistently seem to affect interactions

between amphibian hosts and trematode parasites [4, 32].
For example, Echinostoma trivolvis infection of cricket
frogs has increased in areas with detectable levels of herbi-
cides in Midwestern United States [32]. Similarly, E. trivol-
vis infection in Rana clamitans has increased in areas

closer to nutrient and where other chemical inputs were
high [26]. To corroborate these findings, Rohr and col-
leagues [33] demonstrated that the trematode infections
were higher in amphibians exposed to atrazine, glypho-
sate, carbaryl, and malathion. Furthermore, elevated levels
of nitrogen and phosphorous associated with fertilizer use
increased amphibian trematode infections [33–35].
In this study, we examined the effects of Acanthosto-

mum burminis infections in the tadpoles and metamorphs
of the Asian common toad, Duttaphrynus melanostictus
in the presence of four pesticides: two herbicides (glypho-
sate and propanil), and two insecticides (chlorpyrifos and
dimethoate). Individual effects of these pesticides on A.
burminis infections in the same developmental stages of
the hourglass tree frog, Polypedates cruciger, and D.
melanostictus were previously reported [35–39]. In these
species, A. burminis induced mainly axial and some limb
malformations, increased mortality and time to metamor-
phosis, and decreased size at metamorphosis [35, 36, 39],
whereas the four pesticides increased malformations,
mortality, and time to metamorphosis [37, 38]. Many
laboratory studies suggest that in the presence of pesti-
cides, trematode-induced effects are enhanced [40–43].
Recently, exposure to the combination of cercariae of
A. burminis and pesticides revealed that the two factors
pose greater risks to frogs than either factor alone [44].
Even though, cercariae are often sensitive to xenobi-
otics [45–47], A. burminis cercariae in both the control
and pesticide treatments penetrated the tadpoles show-
ing no signs of toxicity before the infection [44].
Whereas previous work on D. melanostictus explored
the effects of pesticides and A.burminis in isolation
only, here we build upon work that suggests that pesti-
cide exposure can enhance trematode infection by
crossing the presence and absence of pesticides with
the presence and absence of A.burminis to test whether
pesticides increase or decrease risk from this infection
in D. melanostictus. Consequently, this work will help
move the field towards a more general conclusion re-
garding the risk that the combined effect of the pesti-
cides and cercariae pose to amphibians.

Methods
Study animals
The Asian common toad, Duttaphrynus melanostictusis at
least concerned species, distributed all over Sri Lanka, es-
pecially in human-altered habitats. The adults lay egg
strands in slow-flowing streams or in water pools. Four
newly spawned egg clutches of D. melanostictus were col-
lected from ponds in the Peradeniya University Park
(7°15′15″N 80°35′48″E / 7.25417°N 80.59667°E) and were
transferred to the research laboratory in the Department
of Zoology, University of Peradeniya, Sri Lanka. The egg
strands were placed in a glass aquarium filled with
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dechlorinated tap water. Tadpoles were fed ground fish
flakes twice a day (~10% body mass). The debris and
faeces that collected at the bottom of the aquaria were
siphoned out and water level was replenished daily. Water
temperature was maintained around 27° -30 °C and pH
was maintained around 6.5–7.0.
Adults of Acanthostomum burminis reproduce sexually

in the common freshwater snake [39] and release eggs
with the faeces of these hosts. A free-living larval stage,
miracidiae comes out when the eggs encounter water and
look for the first intermediate host, a snail. Once in the
snail host, they reproduce asexually and a second free-
living larval stage, cercaria, is released. Cercariae search
for their second intermediate host, which is an amphibian.
The cercariae encyst subcutaneously as metacercariae in
amphibians. When an infected amphibian is consumed by
a water snake, the life cycle is completed.
Pleurolophocercous cercariae of A. burminis released

from the freshwater snail species Thiara scabra (Family:
Thiaridae) were used for the trematode exposures in this
experiment. Thiara scabra is a common freshwater snail,
found associated with muddy/sandy bottom closer to
riverine vegetation [48]. Thiara scabra were collected
from the university stream and were placed in plastic
vials containing 10–15 mL of dechlorinated tap water,
under sunlight to induce cercarial shedding. The snails
that were shedding cercariae were kept individually in
separate vials to obtain a continuous supply of cercariae
for the exposures. One infected snail was used for all the
tadpole exposures per clutch. Thus, four source snails
were used to expose the tadpoles from the four clutches
of toads. This is advantageous because the blocking fac-
tor removes variation from the error term that is due to
both the source of the tadpoles (clutch) and the source
of the cercariae (snail), increasing statistical power to de-
tect an effect of treatments.

Test chemicals
The tadpoles and cercariae were exposed to commercial
formulations of four widely used agrochemicals; two or-
ganophosphorous insecticides (chlorpyrifos and dimetho-
ate) and two herbicides (glyphosate and propanil). The
concentration of the active ingredient (a.i.) tested and any
known surfactants in the commercial formulation were
given in Table 1. The test concentrations (0.5 ppm) for
each pesticide were selected based on available literature

[49, 50] and information from Pesticide Registrar Office in
Peradeniya on field concentrations of these chemicals.

Exposure of tadpoles to ceracraie and pesticides
Each tadpole (5 days post-hatch, Gosner stages 25–26
[51]) was placed in a separate specimen cup containing
15–20 mL of test solution (dechlorinated tap water/
0.5 ppm- chlorpyrifos/ dimethoate/ glyphosate/ propanil).
Tadpoles assigned to receive trematodes (Table 2) were
exposed to12 cercariae per day for four consecutive days.
Cercarial penetration was observed under a dissecting
microscope and the containers were examined every half
hour to ensure that no free swimming cercariae remained.
A total of 800 tadpoles were tested requiring 20randomly
selected tadpoles from each clutch for each treatment (20
tadpoles per clutch × 5 pesticide treatments × 2 trematode
treatments ×4 clutches = 800 tadpoles). After exposure to
the cercariae, 20 tadpoles of each treatment regime were
assigned to one of 10glass aquaria (15 × 15 × 25 cm)
containing 2 L of one of the five test solutions
(dechlorinated tap water or 0.5 ppm of chlorpyrifos, di-
methoate, glyphosate, or propanil). The tadpoles were
raised in the same test medium until metamorphosis.
The test solution was renewed once a week and
temperature and pH were maintained between26 and
30o C and 6.5 and 7.0, respectively under a natural
photoperiod of approximately 12:12 h.

Data collection and analyses
Tadpole mortality, forelimb emergence (stage 42, [52]),
and metamorphosis were assessed daily. The dead tad-
poles were removed and preserved in 70% alcohol.
Snout vent length (SVL) to nearest 0.01 cm and body
mass to nearest 0.001 g were recorded at metamor-
phosis. Malformations were reported at 10 and 30 days
post hatching for larvae and at metamorphosis. Malfor-
mations were identified and categorized according to
Meteyer [52], and severely malformed metamorphs
were euthanized with MS-222 and preserved. All proce-
dures described herein were approved by the Animal
Ethical Review Committee (AERC/06/12) at the Post-
graduate Institute of Science, University of Peradeniya.
Data were analyzed using Statistica (version 6) software

(Statsoft, Tulsa, OK). We used binomial regression to test
whether temporal block and the main and interactive
effects of pesticide and cercarial treatments affected the

Table 1 Active ingredient, surfactant and commercial name of the pesticides used in the study

Active ingredient and strength Surfactant/solvent Trade name

Chlorpyrifos[O,O-DiethylO-(3,5,6-trichloro-2-pyridyl) phosphorothioate] 400 g/L Xylene Lorsban 40 EC®orPattas®

Dimethoate (O,O-Dimethyl phosporodithioate) 400 g/L Water Dimethoate 40EC®

Glyphosate [N-(Phosphonomethyl) glycine] 360 g/L POEA Round Up® or Glyphosate®

Propanil [N-(3,4-dichlorophenyl) propanamide] 360 g/L Cyclohexanone & petroleum solvents 3, 4-DPA®
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proportion of frogs that survived in each tank. The bino-
mial error distribution was further used to assess how the
treatments affected malformation frequency of 10 days
post-hatching. Because all 20 tadpoles were reared in a
single tank in each temporal block, we used the mean of
each tank as the replicate. Thus, each treatment had four
replicates for these analyses. If any main effect or inter-
action were significant, a Fisher’s LSD Posthoc test was
conducted to evaluate which treatments differed from one
another. Because all 20 tadpoles were reared in a single
tank in each temporal block, we used the mean of each
tank as the replicate and thus each treatment had four
replicates total for these analyses. If any main effect or
interaction were significant, a Fisher’s least significant
difference (LSD) Posthoc test was conducted to evaluate
which treatments differed from one another. If temporal
block was not significant, it was dropped from the statis-
tical model.

Results
All the cercariae penetrated each tadpole because no
cercariae were found in the exposure vials at the end of
exposure. Thus, the number of infections per tadpole
was the same throughout the pesticide treatments.

Survival of the tadpoles
Both the effect of pesticide treatment (Main effect:
χ24 = 54.53, p = 0.0001) and cercariae (Main effect:
χ21 = 46.31, p = 0.0001; Fig 1a) increased tadpole mortality
(Fig. 1a). In the absence of cercariae, all four pesticides sig-
nificantly increased mortality (Fig. 1a). Tadpoles exposed
to chlorpyrifos, dimethoate, glyphosate, and propanil had
6.50, 7.75, 7.75, and 4.25 times the mortality as those ex-
posed to the pesticide control (Fig. 1a). In the absence of
pesticides, ceracriae exposed tadpoles had 6.75 times mor-
tality as those not exposed to cercariae (Fig. 1a). An inter-
action between pesticide and cercarial treatments on the
probability of death (χ21 = 11.02, p = 0.026, Fig. 1a) was
also reported. This interaction was caused mostly by the
combination of herbicides and cercariae having a less than
additive effect on mortality (Fig. 1a).

Malformations of tadpoles and metamorphs
Significantly more malformations with than without pes-
ticides (Main effect: χ24 = 40.11, p = 0.0001) and with

than without cercariae (Main effect: χ21 = 138.33,
p = 0.0001; Fig. 1b) were recorded in ten days post hatch
tadpoles. No malformations reported in the absence of
both cercariae and pesticides (Fig. 1b). Without cer-
cariae, chlorpyrifos, glyphosate, dimethoate, and propanil
induced malformations in 24, 20, 16, and 16% of the
tadpoles, respectively (Fig. 1b). In the absence of pesti-
cides, cercariae induced malformations in 53% of the
tadpoles (Fig. 1b). Notably, the pesticide treatment had a
significant effect on the cercarial effect on malformation
incidence (Pesticide x cercariae: χ24 = 28.10, p < 0.001).
Dimethoate, glyphosate, and propanil reduced the num-
ber of cercarial-induced malformations relative to the
control and chlorpyrifos treatments (Fig. 1b). Scoliosis
(vertebral column curvature, laterally deviated spine),
kyphosis (hunched back, abnormal convexed spine), and
edema were observed as malformations.

Size at metamorphosis
Despite affecting toad survival and malformations, there
was no any effects of pesticide or cercarial treatments on
body mass (Pesticide: F4,30 = 0.87, p = 0.494, Cercariae:
F1,30 = 0.48,p = 0.492, Interaction: F4,30 = 0.24,p = 0.914;
Fig. 2a)or SVL at metamorphosis(Pesticide: F4,30 = 0.16,
p = 0.956, Cercariae: F1,30 = 0.42,p = 0.520, Interaction:
F4,30 = 1.32, p = 0.284; Fig. 2b) .

Developmental rate
Pesticide and cercariae exposure caused significant ele-
vations in the TE50,-days until 50% of the metamorphs
had forelimb emergence- and days to metamorphosis
(Pesticides- Main effect: F4,30 = 3.97, p = 0.011;
F4,30 = 4.28, p = 0.007, respectively; and cercariae- main
effect: F1,30 = 12.48, p = 0.001; F1,30 = 30.10, p < 0.001,
respectively, Fig. 3a,b). Without cercarial exposure, tad-
poles exposed to chlorpyrifos, glyphosate, dimethoate,
and propanil took 3.7, 5.1, 1.3, and 0.8 more days to
metamorphose, respectively, compared to the tadpoles
of the control group (Fig. 3b). Without pesticide expos-
ure, those exposed to cercariae took 10.5 more days to
complete the metamorphosis compared to those not
exposed to cercariae (Fig. 3b). Moreover, cercarial effect
on days until 50% of the frogs had forelimb emergence
and days to metamorphosis were depended on the
pesticide treatment (Pesticide x cercariae: F4,30 = 2.95,

Table 2 Experimental design used to test the individual and combined exposure of Acanthostomumcercariae and pesticides on D.
melanostictustadpoles

Parasite Exposure medium

Dechlorinated tap water (Control) Chlorpyrifos Dimethoate Glyphosate Propanil

No cercariae – – – – –

Cercariae (12 × 4 = 48) + + + + +

Note: Concentration of 0.5 ppm was used for all four chemicals. 20 tadpoles were tested in each treatment
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p = 0.036; F4,30 = 4.09, p = 0.009, respectively). This
was because cercariae increased and decreased develop-
ment time in chlorpyrifos and dimethoate media, respect-
ively, compared to the pesticide control (Fig. 3a,b).

Discussion
Exposure to cercariae of A. burminis alone and the four
pesticides alone significantly increased mortality and
malformations in the Asian common toad compared to
the water control. However, individual chemicals inter-
acted with the parasites in different ways. Exposure to
the cercariae in the presence of the two insecticides
(chlorpyrifos and dimethoate) additively enhanced the
effects on mortality induced by either treatment alone.
However, exposure to the cercariae in the presence of
the herbicides resulted in an antagonistic interaction
where survival in the combined treatment was less than
additive. Moreover, the effect of cercariae on malforma-
tion incidence depended on the pesticide treatment.

Dimethoate, glyphosate, and propanil reduced the num-
ber of cercarial-induced malformations relative to the
control and chlorpyrifos treatments.
In contrast to the current study, in a previous study

on common hourglass tree frog tadpoles, the combined
exposure of pesticides and cercariae resulted in a
marked reduction in survival and significantly elevated
levels of malformations compared to the lone exposures
[44]. Differences in the traits of the Asian common
toad and hourglass tree frog might explain these differ-
ences. The Asian common toad has thick, dry skin and
the adults are nocturnal, terrestrial habitat generalists
found frequently in human-altered agricultural and
urban areas. The hourglass tree frog has thin skin and
is an arboreal species found mostly in agricultural land,
home gardens, houses, and other buildings. The differ-
ences in their skin are even visible at the tadpole stage,
as tadpoles of the toad have thick dark skin and those
of the frog have thin light skin.

Fig. 1 Mean proportion (± 95% confidence interval, n = 4 tanks) of D. melanostictus tadpoles that survived until metamorphosis (a) and that had
malformations approximately 10 days post-hatching (b) after the exposure to five treatments (control water, chlorpyrifos, dimethoate, glyphosate
and propanil) along with the presence or absence of exposure to cercariae of the trematode Acanthostomum burminis. Treatments that do not
share letters were deemed significantly different from one another based on none overlapping confidence intervals
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Pesticide and cercarial treatments affected develop-

mental traits of toads. There was no difference in the
size of the tadpoles exposed to either cercariae or pesti-
cides or both compared to the size of tadpoles in the
water control. However, significant lengthening of the
developmental period (i.e. days until 50% of the frogs
had forelimb emergence and days to metamorphosis)
was observed for tadpoles exposed to pesticides, cer-
cariae, or both compared to the water control. More-
over, the effect of cercariae on the growth period
depended on the pesticide treatment. Relative to the
control, cercariae increased the developmental period
in the presence of chlorpyrifos and decreased develop-
ment in the presence dimethoate. In contrast to our re-
sults, Jayawardena et al. [44] discovered that the same
combined cercarial and pesticide treatments as we used
here significantly lengthened the growth period and

reduced growth rates in the common hourglass tree
frog relative to the two treatments alone.
The enhanced effect of pesticides on trematode dis-

ease severity might be due to impairment of the am-
phibian immune system. Immunosuppressive effects of
pesticides have been reported in various studies [2, 39,
53–57]. Exact mechanisms of these immunosuppressive
effects are unknown. However, Edge et al. [8] suggested
that pesticides, particularly glyphosate, may affect skin
peptides that can provide an important barrier to infec-
tions. Similarly, Gibble and Baer [58] reported that the
in-vitro activity of antimicrobial peptides was reduced
by agricultural runoff containing the herbicide atrazine
[58]. In several other instances, pesticide exposure was
associated with decreased melanomacrophage activity
in the liver [59], reduced spleen cellularity [60], de-
creased lymphocyte proliferation [57], decreased white

Fig. 2 Mean (±SE, n = 4 tanks) mass (a) and snout-vent length (SVL) (b) of D. melanostictus toads at metamorphosis when exposed to five
treatments (control water, chlorpyrifos, dimethoate, glyphosate and propanil) along with the presence or absence of exposure to cercariae of the
trematode Acanthostomum burminis. There were no significant main effects of pesticides or cercariae on mass or SVL, nor was there a significant
interaction between these predictors
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blood cell counts [61], and elevated parasite prevalence
[40, 41, 55, 59]. On the other hand, pesticide induced
altered activity patterns may indirectly increase suscep-
tibility to parasite infection [62] as the active tadpoles
can avoid free-swimming larval stages such as cercariae
by showing unusual swimming behavior [63, 64]. How-
ever, in the present study, tadpole ability to behaviorally
avoid cercariae was controlled by exposing the tadpoles
to parasites in a small volume of water where all the
parasites successfully penetrated the tadpole, forcing
them to rely primarily on physiological defenses, such
as immune responses [65].
None of the pesticides tested in the present study had

any detrimental effect on trematode survival. Similarly,
ecologically relevant concentrations of atrazine, glypho-
sate, carbaryl, and malathion showed no apparent effect
on embryo and miracidium (free-living stage) survival of

Echinostoma trivolvis, a common trematode of amphib-
ians [65]. In addition, renicolid cercariae had an improved
survival under increasing concentrations of glyphosate,
with cercariae living about 50% longer in 3.6 mg a.i. L−1 of
glyphosate than in control conditions [65]. In addition,
several studies [67–70] have investigated the pollutants
effect on either the cercarial surplus of the snails or
their successive survival. For instance, Kelly et al. [59]
recently showed that the New Zealand snail Potamo-
pyrgus antipodarum released approximately three times
more Telogaster opisthorchis cercariae per day when ex-
posed to glyphosate than when kept in glyphosate-free
water. In many cases, exposure to pollutants, such as
metals, pesticides, and herbicides, reduces replication
of trematodes within snails [66, 67] or their rate of
emergence from snails [45, 68]. However, some studies
report reduced virulence of trematode infections in the

Fig. 3 Mean experimental day when 50% of D. melanostictus toads had forelimb emergence (TE50) (a) and mean days to metamorphosis (b)
when exposed to five treatments (control water, chlorpyrifos, dimethoate, glyphosate and propanil) crossed with the presence or absence of
exposure to cercariae of the trematode Acanthostomum burminis. Treatments that do not share letters were deemed significantly different from
one another based on a Fisher’s LSD post hoc multiple comparison test
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presence of chemicals. For instance, Koprivnikar et al.
[69] showed that trematode cercariae exposed to atra-
zine has less success in infesting the tadpoles than
those in the control groups.
As described by Rohr et al. [4], the majority of

Acanthostomum cercariae crawl towards the cloacal
vent and form cysts in the crease between the body and
tail, where limb buds are located. However, A. burminis
does not appear to be as virulent as the more well-
known Ribeiroia ondatrae that also causes amphibian
limb deformities. Unlike Ribeiroia, Acanthostomum
cysts are not visible as swollen lumps, perhaps because
of their smaller size [70]. Apparently, Ribeiroia cysts
average 300–350 μm in length (excysted metacercariae,
500–650 μm and adult 4160–5250 μm in length; [70]),
whereas Acanthostomum cercariae average 216 μm in
length. Size of cercariae has been suggested to affect
the virulence of trematode infections [4], with larger
metacercariae presumably causing more tissue damage,
eliciting greater immune responses, and consuming
more host resources.
In the field, combinations of pesticides and trematodes

may have adverse or beneficial effects on amphibian
populations. Pesticides may enhance snail population
densities or immunosuppress hosts, thereby promot-
ing deadly amphibian infections [40, 59, 71]. Meso-
cosm studies conducted by Rohr and colleagues [33]
revealed that atrazine increases algal and snail biomass
and increases trematode loads in immunosuppressed
Rana pipiens tadpoles. In the present study, exposures
to cercariae in the presence of the two insecticides fur-
ther reduced host survival relative to the cercariae or
insecticides alone. In contrast, herbicides had less than
additive effects on mortality associated with cercarial
exposures.
In many instances, pesticide concentrations in water

bodies are too low to cause direct amphibian mortality.
However, their interactions with other biotic and abi-
otic factors can induce substantial amphibian mortality,
as shown in the current study. Hence, the effects of
multiple stressors must be more thoroughly considered
in ecological risk assessments of wildlife [72].

Conclusion
Although previous studies have shown that pesticides
increase the adverse effects of cercariae infection on
frogs, the results of the present study revealed that eco-
logically relevant concentrations of the four pesticides:
chlorpyrifos, dimethoate, glyphosate and propanil caused
only a slight effect on A. burminis infection in D. melanos-
tictus. However, the importance of evaluating complex in-
teractions of pollutants and infections on sensitive biota in
our ecosystem is highlighted here.
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High-resolution monitoring from birth to sexual 
maturity of a male reef manta ray, Mobula alfredi, 
held in captivity for 7 years: changes in external 
morphology, behavior, and steroid hormones 
levels
Ryo Nozu1,2* , Kiyomi Murakumo2, Rui Matsumoto1,2, Yosuke Matsumoto2, Nagisa Yano2, Masaru Nakamura1,
Makio Yanagisawa1,2, Keiichi Ueda1,2 and Keiichi Sato1,2

Abstract

Background: In this study, we report the first case of a male reef manta ray, Mobula alfredi, becoming sexually
mature in captivity and present its reproductive characteristics.

Methods: We investigated changes in external morphology, behavior, and levels of steroid hormones in a male
M. alfredi during its sexual maturation process.

Results: At 2 years and 6 months of age, the male exceeded 300 cm in disc width. Then, at around 3 years of age,
the male started to chase a female in the tank and exhibited androgen levels similar to that of another matured
male, indicating that the study specimen had begun sexual maturation endocrinologically. Its first copulation event
was observed at 5 years and 4 months and appeared behaviorally similar to field observations. Seven months after
copulation, we performed a biopsy to collect its semen, including any motile sperm.

Conclusion: Taken together, these results indicate that the captive male M. alfredi individual shows signs of sexual
maturation (size of disc width, testosterone levels, reproductive behavior) already with the age of 2.5 to 3 years. As
a first copulation was observed with 5 years 4 months of age and the presence of sperm were confirmed at the
age of 5 years 11 months of age, the studied animal reached its full sexual maturity at the latest at the age of
around 5 years.

Keywords: Reef manta ray, Mobula Alfredi, Male, Sexual maturation, In-captivity, Mating behaviors, Sex steroid
hormones

Background
Manta rays comprise two species that occur in tropical,
sub-tropical, and temperate waters around the world. As
fully-grown adults, they are among the largest ray
species. Due to their tendency to aggregate predictably in
relatively shallow waters around islands and along coast-
lines, they have become an attraction for recreational

divers in many countries. Manta ray-based ecotourism
potential can be important for coastal communities, par-
ticularly in developing countries, where it can generate
great economic benefits [1, 2].
Until recently, the genus Manta was considered

mono-specific, but was redescribed [3] in 2009 as com-
prising the reef manta ray, Manta alfredi (Krefft 1868)
and the giant manta ray M. birostris (Walbaum 1792). In
a recent study, the mitochondrial genome analysis
showed that both Manta species are nested within the
other Mobula species and sister to M. mobular [4]; the
authors noted that Manta is an invalid generic name.

* Correspondence: r-nozu@okichura.jp
1Okinawa Churashima Research Center, Okinawa Churashima Foundation,
888 Ishikawa, Motobu, Okinawa 905-0206, Japan
2Okinawa Churaumi Aquarium, 424 Ishikawa, Motobu, Okinawa 905-0206,
Japan
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Therefore, in the present paper, the genus “Mobula” was
adopted. Both species were listed as globally vulnerable
on the IUCN Red List [5, 6].
Previous reports have provided some ecological infor-

mation about manta ray species, such as distribution,
movement patterns, courtship, mating behavior, gesta-
tion period, and reproductive periodicity [7–9]. However,
there is little information on their reproductive biology.
Observations of captive specimens in aquariums enable
us to obtain accurate information of the same individual
over time. At the Okinawa Churaumi Aquarium (OCA),
M. alfredi individuals thrive since 1988; much informa-
tion on the biology of this species has been generated in
this aquarium. For example, the OCA recorded the first
captive reproduction of a M. alfredi [10, 11]. On June 8,
2006, a male mated with a female and on June 16, 2007,
the female gave birth to a female pup (193 cm disc width
and 68.5 kg body weight). On June 17, 2008, the same
pair gave birth to a male pup that was used in the
present study. In addition, the copulating behavior was
similar to that reported for Ogasawara wild mantas [12]
and the duration of clasper insertion into the cloaca was
approximately 11 to 18 s. Based on the observation, the
authors concluded that the duration from copulation to
parturition was approximately 1 year, which were con-
sistent with field observations [7]. On the other hand, it
is thought that M. alfredi usually takes a resting interval
of at least 1 year between pregnancies [7]. The captive
female in the OCA, however, mated with a male in the
tank immediately after giving birth; the female manta
ray became pregnant again and gave birth the next year
[10]. This suggests that breaks in pregnancy in the wild
are not due to the physical conditions, however, only en-
vironmental cues may be essential. Additionally, aspects
of the embryonic respiratory system of M. alfredi were
revealed by an ultrasonographic experiment on the preg-
nant individual [13]. This study provides the first direct
evidence of the respiratory behavior of a M. alfredi
embryo by demonstrating that the embryo acquires
oxygen from the uterine fluid using gill ventilation.
Thus, observations on M. alfredi in captivity can not
only strengthen previous studies but also provide new
biological information.
To achieve efficient captive breeding of M. alfredi in

other facilities, it is essential to accumulate more infor-
mation on its reproductive ecology and physiology.
However, only few studies on these aspects exist because
of the difficulty in closely following M. alfredi over its
complete life-span and the high effort involved. Here,
we confirm that a male born in the OCA reached
sexual maturity in captivity. Moreover, we provide be-
havioral and physiological information on its captive
reproduction obtained from detailed and continuous
time series observations.

Methods
An observed individual and rearing conditions
A male (identification number: No10–2) was born in the
“Kuroshio” tank (a 10 m deep, rectangular aquarium
(35 × 27 m)) of the OCA on June 17, 2008, and was
observed continuously (Fig. 1a). After birth, the neonate
was immediately moved to the sea pen (diameter: 30 m,
depth: 12–15 m) and kept there for approximately
10 months to naturalize feeding and allow the develop-
ment of swimming ability without any influence from
other individuals. The pup was then moved to the main
tank again. Our study period ended at the end of No-
vember 2015 as the animal has been moved and been
kept solo since then. The circulation rate of water in the
tank was 16 turnovers per day (recycled seawater 12
turnovers and fresh seawater 4 turnovers) and water
temperature was not under thermal control. The daily
feed dosage was 0.5–0.8% of its body weight. The body
mass was calculated using the allometry equation (Body
weight (kg) = 0.000013563* disc width (cm) 2.889

(R2 = 0.973)) that was derived from actual measurement
values of 18 M. alfredi individuals (Matsumoto et al.,
personal communication). Feeding was performed twice
a day, and the feed included Euphausia superba, E.
pacifica, Sergestes lucens, and Engraulis japonicus.

Estimation of disc width
Disc width (DW) of specimen No10–2 was measured
twice: at his birth (182 cm) and at 10 months of age
(261 cm). Thereafter, its outer interorbital distance
(IOD) was measured in June and/or December of each
year. Estimated DW was calculated from IOD using the
growth equation (LogDW (cm) = 0.84841*LogIOD
(cm) + 0.88452, R2 = 0.94) that derived from actual meas-
urement values of 18 M. alfredi individuals (Matsumoto
et al., personal communication).

Behavior observation and test for stiffness of claspers
During the day, aquarium staff visually monitored the
individual but not continuously. When the individual
exhibited specific behaviors, we recorded the behaviors
through photographs and/or videos from inside and/or
outside the tank. To confirm the claspers status, we
hand-tested them for stiffness at the birth (June 2008),
5 year and 4 months (Oct 2013) and 5 years 11 months
of age (May 2014) while No10–2 swam.

Semen collection
To confirm whether or not the individual produced
mature sperm, we obtained semen from No10–2 via a
biopsy while swam (Additional file 1: Movie S1). At
5 years and 11 months of age (on May 30, 2014), a plas-
tic tube (All Silicone Foley Balloon Catheters, Product
No. 001027 0120, Create Medic Co., Ltd., Kanagawa)
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connected with syringes (5 ml for ballooning, 50 ml for
collecting semen, Terumo Corporation, Tokyo) was
slipped into his clasper and semen was obtained. The
semen was observed under light microscopy and video-
recorded; it was also observed under a light microscope
after Giemsa staining. We estimated that the specimen
did not suffer severe stress due to the biopsy because feed
consumption was unaffected after the semen collection.

Blood collection and measurement of plasma steroid
hormones levels
No10–2 had received husbandry training since it was
approximately 1 year old, which enabled us to collect

blood samples regularly after 3 years and 3 months of
age, from its left or right pectoral fin vein or artery,
using a syringe (Terumo Corporation, Tokyo) with a 20
gauge needle (Terumo Corporation, Tokyo) while
No10–2 swam. The time of blood collection was fixed in
the morning. However, during certain months, we could
not collect blood samples. The collected blood was
placed into a heparinized tube and plasma was obtained
by centrifugation (1400×g for 20 min. at room
temperature). Obtained plasma was stored at −30 °C
until analysis. To compare mature and immature male
characteristics, the preserved plasma obtained from
other males (i.e., No6 mature, 318-cm DW; No26

Fig. 1 Photograph of No10–2 soon after his birth and a chart of his growth of disc width (DW). a No10–2 swimming in the ocean sea pen.
b Actual DW measurements were taken at birth and at 10 months of age. After that, estimated DW values were calculated by interorbital
distance. mo; months
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immature, 215-cm DW) was also analyzed. Both male
individuals were caught from the wild. No6 was
regarded as sexually mature because previous observa-
tions showed that No6 mated with a female in the OCA
[10]. In addition, No26 was regarded as immature based
on the previous report that DW at sexual maturity in
wild was 270–300 cm [8].
Extraction of plasma steroid was performed according

to a previous procedure [14]. Briefly, plasma steroids
were extracted three times using 2.5 mL diethyl ether.
The extracts were evaporated and the residue was recon-
stituted with 2 times its volume of assay buffer (0.05 M
borate buffer, pH 7.8, containing 0.5% bovine serum
albumin). Estradiol 17 beta (E2), testosterone (T), and
dihydrotestosterone (DHT) were determined by ELISA,
following the methods of Asahina et al. (1995) [15].
Additionally, progesterone (P4) was determined using
the Progesterone ELISA kit (Item No. 582601, Cayman
Chemical Company, MI) according to the manufac-
turer’s instructions. We made it a top priority to meas-
ure testosterone levels based on the volume of preserved
plasma sample. Samples and standards were applied in
duplicate to each plate. Based on the information from
the supplier (Cosmo Bio Co., Ltd., Tokyo), the major
cross-reaction of the E2 antibody for estrone was 0.8%,
and 0.5% for estriol. The cross-reaction of the T antibody
for DHT and 11-ketotestosterone (11KT) was 7.0% and
0%, respectively; the cross-reaction of DHT antibody for
T and 11KT was 48% and 0%, respectively; the cross
reaction of the P4 antibody for E2 and T was 7.2%
and <0.05%, respectively.

Results
Increase in disc width and elongation of claspers
DW at birth of the individual was 182 cm. Growth data
of DW are shown in Fig. 1b: DW increased from the
birth to 5 years and 6 months of age, after which it
remained at ca. 345 cm until the end of the study. At
birth, its claspers were shorter than its pelvic fins
(Fig. 2a). The organ elongated during development. At
an examination at 5 years and 4 months of age, its
length exceeded the pelvic fins already (Fig. 2b).

However, we could not confirm when exactly the clasper
started to increase in size and exceeded the pelvic fins
during our observation period. Furthermore its stiffness
at this examination was similar to that of the mature
individual No6.

Appearance of reproductive behavior
At 3 years of age (in June 2011; * in Fig. 5), we observed
that No10–2 slowly chased females; this behavior is
known as a “mating train” (Additional file 2: Movie S2).
This behavior was observed several times over several
days. At 5 years and 4 months of age (on October 6,
2013; ** in Fig. 5), No10–2 copulated with a female for
the first time (Fig. 3; Additional file 3: Movie S3). The
male chased the female actively (Fig. 3a), which
attempted to position immediately over the dorsal sur-
face of the female and cause the female to rear up, after
then bit the tip of the female left pectoral fin, and then
inserted its clasper into the female cloaca (Fig. 3b). Dur-
ing copulation, both sank to the bottom of the tank; once
they reached the bottom, they swam away separately. The
duration from biting the female left pectoral fin to the sep-
aration was 40–50 s. After the copulation, vigorous chas-
ing of No10–2 continued for several days and then
quieted. Two months after copulation, we confirmed that
the female was not pregnant, using ultrasonographic im-
aging. At 5 years and 11 months of age (May 2014; *** in
Fig. 5), the male chased the female actively for several
days, but no mating was observed. When the individual
reached 6 years and 11 months (May 2015; *** in Fig. 5),
we observed active chasing without copulation for several
days. And then, we again observed active chasing at 7 years
and 2 months of age (August 2015) for a couple of weeks,
followed by copulation at 7 years and 3 months of age (on
September 2, 2015; ** in Fig. 5). Accordingly, we confirmed
that the female was not pregnant.

Production of motile spermatozoa
At 5 years and 11 months of age, mobility of spermatozoa
in the semen collected from No10–2 was confirmed
(Fig. 4a, b; Additional file 4: Movie S4). The sperm had a

Fig. 2 Morphological changes in claspers. a Claspers at 4 months old (in October 2008). b Claspers exceeded the distal end of the pelvic fins at
5 years and 4 months of age (in October 2013). Arrowheads indicate claspers; arrows indicate pelvic fin
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typical chondrichthian spiral head structure and rotated
along the long axis (Fig. 4c).

Changes in the levels of steroid hormones
Changes in the concentrations of steroid hormones of
No10–2 are shown in Fig. 5 and Additional file 5: Table
S1. Androgens levels were stable from 3 years of age.

Irregular peaks of testosterone levels were detected from
age 6 onwards. Variation in dihydrotestosterone showed
a pattern similar to that of testosterone. Estrogen
showed basal level and did not range dramatically
throughout the observation period. Progesterone level
increased at 6 years of age, from February to June, then
decreased. At 3 years of age, androgen levels of the

Fig. 3 Snapshots of mating behaviors in No10–2. a Active chasing behavior observed in October 2013. b Copulation observed in October 2013

Fig. 4 Semen from No10–2. a Plastic tube inserted into the clasper. b Collected semen. c Giemsa-stained sperm. Scale bars = 20 μm
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studied specimen was within the range of androgen
levels of the matured male (No6; Fig. 6, Additional file 6:
Table S2), which in turn was approximately 25–135
times higher than that of the immature male (No26; Fig.
6, Additional file 7: Table S3). Immediately prior to the
chasing behaviors seen in May and August 2015, in-
creases in testosterone levels were observed, especially
for T levels in August that exceeded the upper threshold
of the standard curve (Fig. 5).

Discussion
It has been previously reported that the age and DW at
maturity in males was 3–6 years and 270–300 cm,
respectively [8, 16]. Our observations of reproductive
age in captivity are consistent with these field observa-
tions [8]. On the other hand, regarding DW, when
No10–2 was only 2 years and 6 months old — that is,
6 months younger the minimum age for maturity than
in a wild male — No10–2 already had exceeded the DW
size at maturity (300 cm) of wild males. However,
although the testosterone level is already higher than in
an immature animal, the animal did not show chasing or

mating behavior at this time. These results suggest that
age might be a more important factor than attaining sex-
ual maturity size in M. alfredi. In contrast, it has been
reported that the timing of pubertal development in
male bonnethead sharks, Sphyrna tiburo, may be more
associated with its size than its age [17]. On the basis of
these disparities, it is likely that the limiting factor of
sexual maturation in elasmobranchs depends on the par-
ticular species and/or its environment. Moreover, the re-
sults of the present study implied that that growth rates
and possibly size at maturity might be quite plastic in M.
alfredi, and very dependent on the individual’s experience.
Clasper length and calcification are often-used criteria

of male sexual maturity in elasmobranchs, in that a rapid
increase in clasper length marks the onset of sexual
maturity [18]. Under these criteria, the length of the
claspers of No10–2 had already exceeded that of the
pelvic fins, and its stiffness at 5 years and 4 months of
age was similar to that of matured No6, this suggested
that No10–2 had completed sexual maturation by this
age. However, we could not confirm when exactly the
clasper started to increase in size and exceeded the

Fig. 5 Changes in the plasma steroid hormones levels in No10–2 during the monitoring period. Changes in testosterone, dihydrotestosterone,
17ß-estradiol, progesterone, and monthly-averaged water temperatures in the tank. “DL” means off-scale low; “Over” indicates that the parameter
was not measurable using the scale applied; * indicate the timing that No10–2 start to join the mating train; ** indicates chasing period with
observed copulation; *** indicate appearance time of the active chasing behavior without copulation
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pelvic fins during our observation period. Therefore, in
order to determine whether the timing of clasper elong-
ation is consistent with other characteristics of sexual
maturation (especially mating behavior and/or steroid
hormone levels), further detailed observations are
needed if a new male is born.
In this study, we observed that a M. alfredi born in

captivity could exhibit mating behavior in the tank.
Mating behavior of the giant manta ray, M. birostris, was
observed in detail at Ogasawara Islands, Japan [12]; in
this study, the serial mating behavior was classified into
five steps: chasing, biting, copulating, post-copulating,
and separating. In the case of M. alfredi, mating behavior
observed in Mozambique also followed these five steps
[7]. The present observations revealed that the captive
male manta ray is able to engage in serial mating behavior
typical of that seen in the field.
The first copulation of No10–2 was observed at 5 years

and 4 months of age (in October 2013), a second one at
7 years and 3 months of age (in September 2015).
Because this behavior was observed during visual moni-
toring in the day, we were unable to eliminate the

possibility that any other occasion may have been over-
looked. However, in here, we discussed based on the
copulations we observed actually. Most of the copula-
tions in M. alfredi at the OCA were observed from
May to July, indicating that their breading season in
captivity lasted for several months [10]. However,
copulation in 2015 occurred in September, which
differed from that in the past. In Hawaii and the
Maldives, M. alfredi exhibits two mating seasons in a
given year [7, 19]. For Hawaii, it was suggested that
females that are unsuccessful in getting pregnant
during the first mating season may mate again during
the second season [19]. In the present study, copula-
tion occurred in September, which was an unusual
time at the OCA, presumably because of the failure
to copulate successfully during the ordinary breeding
season (May to July).
The results of the present study showed the

changes in steroid hormones over time in a male M.
alfredi born in captivity. In particular, it is reported
that the increase in androgens could be associated
with puberty in male elasmobranch. In male bonnet-
head sharks, S. tiburo, androgen increased during
puberty [17]. Additionally, in a male whale shark kept
for over 20 years in the OCA, its testosterone levels
definitely increased during the dramatic extension of
his claspers (Matsumoto et al., personal communica-
tion), indicating that testosterone levels increased dur-
ing sexual maturation in male whale sharks as well.
On the other hand, in the present study, the andro-
gen level of No10–2 did not exhibit such an upward
trend during monitoring. Furthermore, testosterone
levels in another mature male (No6) were the same
range as those of No10–2 at 3 years of age (in 2011),
whereas testosterone levels in the immature male
(No26) were extremely lower than those in No10–2.
On the basis of these facts, it is highly likely that
No10–2 had already started the sexual maturation
process endocrinologically before 3 years of age.

Conclusion
Although born in captivity, a male M. alfredi reached
sexual maturity at the age of 5 years. This fact raises the
possibility of complete breeding of M. alfredi in captiv-
ity. Importantly, the present study is the first to provide
endocrinological data on a male M. alfredi in captivity.
Since there have been limited published reports about
captive breeding or copulation of M. alfredi, it is import-
ant that the present information obtained at the OCA be
shared to achieve breeding of M. alfredi at other institu-
tions. We hope to contribute to a better understanding
of the reproductive biology of M. alfredi through long-
term observations in captivity.

Fig. 6 Comparison of its testosterone levels with those of different
males. Levels of testosterone during 2011 in No10–2 (when
approximately 3 years of age), in the mature No6, and in the
immature No 26. Aug, August; Dec, December; Feb, February; Jan,
January; Jun, June; Mar, March; Nov, November; Oct, October;
Sep, September
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Additional files

Additional file 1: Movie S1. Semen collection. (MOV 9686 kb)

Additional file 2: Movie S2. Mating train. The top position is a female,
the second is No10–2, and the third is another matured male.
(MOV 15007 kb)

Additional file 3: Movie S3. First-time copulation of No10–2 recorded
on October 6, 2013. (MOV 34609 kb)

Additional file 4: Movie S4. Motile sperm included in the semen.
(MOV 760 kb)

Additional file 5: Table S1. Plasma steroid hormones levels and
monthly average water temparature during the observation period in
No10-2. (XLSX 13 kb)

Additional file 6: Table S2. Plasma testosterone levels in No6. (XLSX 9 kb)

Additional file 7: Table S3. Plasma testosterone level in No26. (XLSX 8 kb)
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p Marmal was set up as a Forward Support Base
) and was extended to serve as a transportation hub
p to 112,000 personnel and 28,000 tons of supplies
year at peak times from 2005 to 2009. It was con-
ed to the surrounding provinces via five stationary
incial Reconstruction Teams (PRTs) and additional
s, built up temporarily if operationally needed [1].
to the large quantities of personnel and goods trans-
ed through Camp Marmal as well as the garrison size
is installation, it was an excellent habitat for rodents
may carry arthropod vectors and /or zoonotic

ogens.
rthern Afghanistan is an endemic region for a large
ty of human pathogens that may be carried by ro-
s or arthropod vectors, e.g. Salmonella typhi, S.
imurium, Rickettsia spp., Leptospira spp., Coxiella
etii, Leishmania spp., Giardia spp., Plasmodium
as well as Crimean-Congo hemorrhagic fever virus
West Nile virus [2]. A major outbreak of a zoonotic
se occurred in the Camp Marmal area between
and 2006. More than 4200 cases of Zoonotic Cuta-
s Leishmaniasis (ZCL) were recorded within the local
an population and occurred mostly from August to
ember of every year within this period [3]. ISAF
onnel were also affected with more than 200 ZCL
s diagnosed between 2004 and 2005 [4]. To prevent
er infections of ISAF as well as employed civil
onnel with Leishmania spp., a parasite with a rodent
voir host, both major reconstruction works and pest
rol operations have been conducted throughout the
er operation time of Camp Marmal [5] by a dedicated
control unit. As Afghanistan is home to a wide range
dents which may harbor pathogens [10, 11], a sea-
l monitoring for rodents and mosquitos was imple-
ted to verify the effectiveness of used pest control
sures and to reassess the risk of infectious diseases
ent inside military camps of German responsibil-
In addition to Camp Marmal, pest control mea-
ments were set in place at the PRTs Kunduz and
abad as well as inside smaller FOBs if feasible
erning the security situation.
ansmission of small mammal-borne pathogens
in military bases such as Camp Marmal could take
e through ubiquitous rodents found in almost any
an settlement, such as Rattus spp. or Mus spp..
t prominent within these genera is the house
se Mus musculus, a highly mobile, omnivorous
oligotrophic commensal with birth rates of 5–10
rs and with an average of six to eight young per
r [12]. Because of these high birth rates, house
se populations are characterized by a strong resili-
towards predation and pest control measures.
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he biodiversity of New Zealand as well as several
d ecosystems of the South Atlantic and Indian
ans during European exploration in the 19th

ury [13, 14]. This may be due to quick genotypic
phenotypic adaptations (e.g. adaptation to local
ogens or the local climate and food spectrum) in
ively short periods of time after invading an
d [15].
rsonnel and goods were initially transported into
p Marmal from Germany and other international
tions primarily via air transport from Termez
ekistan) or Kabul (Afghanistan) as well as by train
cially during the initial work-up phase until 2009.
wing the construction of a runway and throughout
collection time of this study, most goods were air-
from Germany (Cologne Airport, Leipzig Airport)

ctly to Camp Marmal [1]. Although pest control
sures were in place in Germany before loading, de-
during consignment in Kabul or Termez and “stand
” during train rides could not be avoided. Therefore,
nnot be excluded that commensalic rodents such as
usculus were transferred into Camp Marmal within

actual cargo and subsequently carry pathogens into
country.
is study aims at analyzing the small mammal com-
ities available during pest control in Camp Marmal
the PRT Kunduz and PRT Fayzabad bases within
Northern Afghan theatre of military operations. The
e bases were chosen as collection sites as they were
ed by the pest control unit of the German Army.
ections were conducted as regular as possible as per-
ed by the military situation and necessity for pest
rol. The small mammal communities were analyzed
both phenotype and several molecular biological
ods such as PCR-based analysis of the mitochon-
cytochrome b gene and D-loop region. Finally, we
pared DNA polymerase (DPOL) gene sequences of a
esvirus, Mus musculus rhadinovirus 1 (MmusRHV1,
uble stranded (ds) DNA virus) as well as RNA-
ndent RNA polymerase (RdRp) gene sequences of
ine astroviruses (single stranded (ss) RNA viruses) in
musculus specimens collected at Camp Marmal in
anistan and several locations in Europe. In the ab-
e of serious zoonotic viruses in the Afghan speci-
s, these viruses were selected to investigate their
bility as additional phylogeographic markers, as they
detected in a significant number of Afghan house
se specimens, have a high host-specificity and low
cking zoonotic potential.

hods
ll mammal trapping and transfer procedures

ll mammal collections were conducted by a dedi-
d Army pest control team (Sanitäts-Hygiene-Trupp)
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asible concerning the security situation, as described
re [16]. Briefly, a total of 751 small mammals were
ped using mouse and rat snap traps or collected as
nticide-poisoned carcasses with a daily control of all
pling sites from January 2009 to October 2012 after
initial work-up of the three German Military Camps
d on the implemented pest control management.
ping sites were disseminated inside the camps with
ial focus on sites with reported or suggested occur-
e of rodents as well as vulnerable places like
ens or food storage facilities. The size and location
e trap used was based on apparent environmental
rs, the local habitat and the knowledge of small
mal behavior as decided by veterinary personnel.
the collection site Hazrat-e Sultan, a statistically in-
ificant number of five animals were collected. For
animals, no collection site could be determined dur-
issections. Hence, these 15 animals were omitted in
in-depth analysis of this study. All collected small
mals were registered by the veterinary medical staff of
deswehr, stored in aluminum containers at −20 °C
r to transportation and dissection at the Friedrich-
fler-Institut, Greifswald-Insel Riems, Germany. Dissec-
were conducted according to standardized protocols
biosafety level 3 containment laboratory. Weight,

th (body and tail) and sex of each specimen and num-
of embryos of pregnant females were determined for
re analysis on their association with pathogen preva-
e. The phenotypical identification of small mammal
ies was accompanied by photo documentation of each
al. Tissues were removed in specific order as de-
ed before [16], placed in 1.5 ml reaction tubes and
d at −20 °C until further experimentation. Control an-
s were selected to reflect the diversity of European
e mice with specific regard to the presence of both
musculus domesticus in the Western part of Germany
Mus musculus musculus in the Eastern part of
any. As airlifts to Afghanistan were conducted from
areas (Cologne airport and Leipzig airport), animals
Western Germany and North Western Czech Repub-
representing the Central European M. m. musculus
lation) were selected. The trapping of control animals
strovirus and herpesvirus investigations at five sites in
any and one site in the United Kingdom have
reported previously [13, 17, 18]. As no morpho-
al vouchers could be preserved in this study,
e preliminary species identifications were based
he photographic documentation and comparisons
museum specimens.

eic acid extraction, PCR amplification of cytochrome
ne and DNA sequence analysis
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ribed before [19]. Briefly, frozen small mammal tail
ar pinna tissue was cut into slices of 0.5 mm by
mm with a sterile scalpel, transferred into a 1.5 ml
tion tube and immersed in 300 μl of tissue lysis buf-
50 mM KCl, 10 mM Tris-HCl pH 9.0, 0.45% (v/v)
idet P40, 0.45% (v/v) Tween 20 (Sigma-Aldrich,
ich, Germany)). Three microliters of a 10 mg ml−1

einase K (Sigma-Aldrich) solution were added and
reaction mixture was incubated over night at 56 °C
mixing intervals of 10 s and 1000 rpm and pauses of
n in a thermomixer (Eppendorf, Hamburg, Germany).
dual tissue was pelleted by centrifugation at 16,000×g
min in a tabletop centrifuge (Eppendorf) and lysates
transferred to another reaction tube. Remaining

einase K was inactivated by incubation at 95 °C for
in. An additional tenfold dilution of each lysate was
ared in sterile water. Each 22.5 μl of PCR master mix
ained 17.65 μl of sterile water, 2.5 μl of 10× PCR buf-
50 μM of each dNTP, 1.5 mM of MgCl2 (all Qiagen,
en, Germany), 200 nM of each primer cytochrome b-
`-TCA TCM TGA TGA AAY TTY GG-3`) and cyto-
me b-R (5`-ACT GGY TGD CCB CCR ATT CA-3`)
G-Eurofins, Munich, Germany), and 0.1 μl of Plat-
Taq Polymerase (Life Technologies, Darmstadt,
any). For each template, 2.5 μl of undiluted extracts
applied in separate reactions. PCR reaction programs
ained an initial denaturation step of 94 °C for 3 min,
wed by 40 cycles of 94 °C for 1 min, 53 °C for 30 s
72 °C for 1 min. A final elongation step was con-
ed at 72 °C for 10 min. All PCR products were visual-
on 1.5% agarose gels after electrophoresis at 100 V
0 min and ethidium bromide staining on an INTAS
sic gel documentation system (INTAS, Göttingen,
any). For all reactions that failed to amplify, tenfold

ed DNA extracts were used for an additional PCR
lification trial as described above. Due to poor cyto-
me b sequence quality in some Meriones specimens,
DNA extraction was repeated from kidney tissue
g EURx GeneMATRIX Tissue DNA Purification
(Roboklon, Potsdam, Germany) and followed the
ocol of the manufacturer. The PCR protocol pre-
ed above was modified by replacing buffer and
merase by 5 μl of Colorless GoTaq Flexi buffer
mega, Mannheim, Germany) and 1 U of GoTaq
merase (Promega) while reducing the amount of
le water to 15.15 μl.
R products were purified with the Nucleospin kit
cherey-Nagel, Düren, Germany). Sequencing reac-
s were performed using the ABI Big Dye v3.1 kit
lied Biosystems, Foster City, CA, USA) according
he manufacturer’s guidelines. Products of the se-
cing reactions were purified with a NucleoSeq kit

cherey-Nagel) and sequencing was performed on an
310 Genetic Analyzer (Applied Biosystems) in both
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ard and reverse direction. Resulting sequences were
mbled and edited with BioEdit (version 7.2.5) using
ontig Alignment Program subroutine [20] and tested
himeric sequences with the Pintail 1.1 program [21].
ecular species determination was conducted by com-
on of sequences obtained in this study to published
ences using the Megablast algorithm of the BLAST
ram [22]. Phylogenetic analysis of all small mammal
imens was conducted by sequence alignment in BioE-
version 7.2.5) and ClustalW [20]. Phylogenetic tree
truction was conducted via CIPRES portal, using the
TreeMP on XSEDE (2.1.9) routine including 1000
straps; the Jukes-Cantor substitution model with
ma distribution was used [23].

ence determination and analysis of the
chondrial D-loop
7 base pair (bp) fragment of the mitochondrial D-
was either sequenced as described before [24] or in
ral cases with an alternative primer pair (forward 5′-
AAT CCT AGT AGC CAA CC-3′ and reverse 5′-
GTT TTT GGG GTT TGG C-3′) using the same
itions. DNA sequencing reactions were conducted
the ABI Big Dye v3.1 Kit (Applied Biosystems) ac-
ing to the manufacturer’s guidelines and analyzed
an ABI 3730 automated sequencer. Raw sequence
were edited using the software CodonCodeAligner
(CodonCode Corporation, Centerville, MA, USA)
aligned using the ClustalW algorithm implemented
e program MEGA 6.06 [25]. Sequences of M. m.
esticus (Norway, Denmark, Germany and France)
27] and M. m. musculus (Kazakhstan and Czech Re-
ic) [26] were included as references. Gaps and indels
excluded from the analysis. A Median Joining Net-
[28] was constructed using the program PopART
://popart.otago.ac.nz).

ric PCR for detection of herpesviruses
was extracted from spleen tissue of 18 house

se specimens each from an urban area in Cologne
many), from a city park in Saarbrücken (Germany)
a rural setting in Radolfzell (Germany) as well as
36 specimens from Camp Marmal (Afghanistan).
samples were obtained with the EURx GeneMA-
Tissue DNA Purification Kit (Roboklon) according

he protocol “A” described in the manufacturer’s
elines. DNA was visualized on 0.8% agarose gels to
ss DNA quality and quantity. PCR amplification of
cytochrome b gene was conducted for each sample
escribed above to determine DNA amplificability.
lification of the DPOL gene was conducted as de-
ed before [17]. Briefly, PCR was performed in
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bp DNA fragment. The PCR reaction mix of 25 μl
ained 5.25 μl of DNase/RNase free sterile water, 5 μl
olorless GoTaq Flexi buffer (Promega), 2 μl of
M MgCl2, 5 μl of 5 M betaine (Sigma-Aldrich),
l of a dNTP mix containing 10 μM of each dNTP
mega), 1.25 μl of dimethyl sulfoxide (DMSO), 2 μl
primer mix containing 100 nM of each primer

[n/i] f (GAY TTY GC(N/i) AGY YT(N/i) TAY CC,
n/i] f (TCC TGG ACA AGC AGC AR(N/i) YSG
/i)M T(N/i) AA as well as KG1[n/i] r (GTC TTG
ACC AG(N/i) TC(N/i) AC(N/i) CCY TT, 1 U of

aq Polymerase (Promega) and 2 μl template DNA.
conditions involved an initial denaturation step of
for 10 min followed by 40 cycles of 95 °C for 20 s,

C for 30 s and 72 °C for 30 s. A final extension step
°C was conducted for 7 min.
o microliters of each reaction were applied in a
ed PCR reaction using the PCR conditions described
e but applying the primers TGV [n/i] f (TGT AAC
GTG TAY GG(N/i) TTY AC(N/i) GG(N/i) GT and
[n/i] r (CAC AGA GTC CGT RTC (N/i)CC RTA
)AT), a reduced extension time of 20 s and total
unt of 30 cycles. Resulting PCR products were sub-
d to gel electrophoresis in a 3% agarose gel in 1×
buffer at 100 V for 45 min. Bands were excised with
alpel blade and purified using the QiaEx II gel ex-
ion kit (Qiagen) according to the manufacturer’s
elines. Sequencing reactions using the Big Dye v3.1
(Applied Biosystems) and DNA sequence analysis
performed as described above. Resulting nucleotide
in silico translated amino acid sequences were
nded by sequences from further sites in Germany
the United Kingdom from a previous study as de-
ed therein [17] and a reference sequence (accession
ber AY854167). Alignments of viral nucleotide and
o acid sequences were conducted with BioEdit (ver-
7.2.5) and ClustalW [20].

ric RT-PCR for detection of astroviruses
was extracted from the liver tissue of a total of 120
e mice that originated from Camp Marmal (36
imens), Saarbrücken, Cologne and Radolfzell (12
imens each), Gelsenkirchen (urban), Lünen (rural),
tgart (animal husbandry) (8 specimens each) as well
om a mouse breeding facility (24 specimens) using
Genematrix DNA/RNA/Protein Universal Purifica-
kit (Roboklon). RNA quality and quantity was

ssed as described for DNA extracts above. Amplifi-
n of the RdRp gene was conducted with a modified
i-nested RT-PCR protocol [29]. Briefly, a master mix
5 μl each containing 12.5 μl of Superscript® III One-
PCR Buffer, 400 mM MgSO4, 10 μM each of the

ard primers AS1-f (5′-GARTTYGATTGGRCKCGK
GA-3′) and AS2-f (5′-GARTTYGATTGGRCKAG

LOGIES_________________________
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YGA-3′) and 20 μM of the reverse primer AS3-r
GYTTKACCCACATNCCRAA-3′) as well as 1 μl
e Superscript® III One-step PCR reagent and 2.5 μl
e RNA extracts were applied in each reaction using
CR program described before [29].
second PCR was conducted using a master mix of
l each containing 2.5 μl of Peqlab Pwo Complete
er (VWR International, Erlangen, Germany), 50 μM
ch dNTP, 10 μM each of the forward primers AS4-f
GKTAYGATGGKACKATHCC-3) and A5-f (5′-
TAYGATGGKACKATHCC-3′), 20 μM of primer
-r and 1 U of Peqlab Pwo polymerase (VWR Inter-
nal) and 2.5 μl of the initial PCR mix using the
program described before [29]. Resulting PCR

ucts were visualized on a 3% agarose gel. All sam-
delivering the expected 422 bp PCR products were
ected to an additional hemi-nested PCR using 50 μl
tions containing identical final concentrations of all
icals and 5 μl of RNA extracts to generate add-
al amounts of PCR product. The complete reactions
subjected to gel electrophoresis on a 3% agarose

All bands of approximately 422 bp were extracted
the gel and purified using the QiaEx II kit (Qiagen)
rding the manufacturer’s guidelines. Sequencing of
resulting bands was conducted with the Big Dye v3.1
(Applied Biosystems) and DNA sequence analysis
performed as described above. For the sequencing
tions, final concentrations of 1 μM each for a
of the primers AS4-f and A5-f as well as 2 μM
rimer AS3-r were applied. Alignment of viral se-
ces was conducted as described for herpesviruses.
ogenetic analysis was performed via CIPRES por-
using the FastTreeMP on XSEDE (2.1.9) routine
ding 1000 bootstraps with the Jukes-Cantor sub-
tion model and ClustalW, including a discrete
ma distribution [23].

lts
ll mammal trapping
tal of 751 small mammals were trapped in Northern
anistan from January 2009 to October 2012. The
majority of small mammals in this study originated
Camp Marmal (648) while lower numbers were

ped in PRT Fayzabad (27) and PRT Kunduz (61). A
of around 220 mammals were trapped each in 2009
2011, while around 100 animals were trapped in
2010 and 2012. In total, small mammal communi-
in all three camps consisted of no more than four
bers of the order Rodentia and two representatives
e order Soricomorpha (Fig. 1). The house mouse
s musculus) comprised more than 80% of trapped
als overall, ranging from 67 to 98% in all three loca-
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s. A total of 629 house mouse specimens were col-
d which comprised 377 males and 248 females. The
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of the four remaining specimens could not be deter-
ed. Thirty-three females (13.3%) were pregnant at
time of trapping and carried a total of 205 embryos
average of 6.2 embryos per female, ranging from 1 to
mbryos per female). Among the remaining rodents
ped, the gray dwarf hamster (Cricetulus migratorius)
most prominent with an average percentage of
% of trapped animals which comprised 47 females
48 males. Six females (12.8%) were pregnant and
ying an average of 6.5 (ranging from 5 to 9) em-
s. The abundance of C. migratorius specimens
ed from 0 to 33.3% of trapped animals in all three
. Remaining trapped animals could be identified as
bers of the rodent genera Meriones (2.1%), Rattus
), and the shrew genera Suncus (0.1%) and Croci-
(1.1%). Despite the different numbers of trapped
als in all three sites and a general trend towards a
musculus (C. migratorius) dominated small mam-
community in Northern Afghan military bases,

e were subtle differences between individual bases.
ontrast to Camp Marmal, small mammal communi-
at PRT Fayzabad contained a higher percentage of
igratorius specimens but no other small mammals.
ontrast to this, the mammal community at PRT
duz was entirely dominated by M. musculus but
ained a single trapping of Crocidura cf. suaveolens.
ite a variation in trapping success (Additional file 1:
re S1) percentages of genera collected at individual
al quarters represent the average community com-
tion. In contrast to all other small mammal species
is study both M. musculus and C. migratorius speci-
s could be collected throughout the whole period
2009 to 2012.

tification of small mammals by DNA sequencing of
itochondrial cytochrome b gene

imens initially determined as M. musculus showed the
est average identity of the partial cytochrome b gene of
% (99% to 100%) to reference M. musculus musculus
ences from Central Asia (KF697060; AB649551) and a
r average identity of 97.7% (97% to 98%) to various se-
ces of M. musculus domesticus (Additional file 2:
e S1). Animals identified as gray dwarf hamsters
ed an average identity of 96.8% (91% to 98%) to a ref-
ce C. migratorius sequence (AY288508) originating
Northeast Pakistan (Additional file 2: Table S2). All

rds subjected to DNA sequencing displayed an average
tity of the mitochondrial cytochrome b gene of
% (93% to 99%) to that of the Libyan Jird (Meriones
us; AJ851266; see Additional file 2: Table S2). This high
ence similarity was also reflected in a corresponding
ogenetic tree (data not shown). The single Rattus speci-

collected in this study showed 93% sequence identity
. tanezumi (JQ793907; Additional file 2: Table S2).
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Fig. 1 Percentages of individual species within small mammal communities in Northern Afghan military bases Camp Marmal (Mazar-e-Sharif) as well as
PRTs (Provincial Reconstruction Team bases) Kunduz and Fayzabad. Total numbers for each site were n = 648 for Camp Marmal, n = 27 for PRT Fayzabad
and n;
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Wng Crocidura specimens, members of Crocidura cf.
eolens were detected (DQ630062; Additional file 2:
e S3). The Suncus species showed high identity of
cytochrome b gene to Suncus etruscus (FJ716836;
itional file 2: Table S3).

ysis and comparison of the mitochondrial D-loop
Mus musculus specimens
subspecies status of house mice was determined by
encing of the mitochondrial D-loop region of ani-
trapped in this study and reference sequences of
estern house mouse (M. m. domesticus) and Eastern

e mouse (M. m. musculus) which differ in both
type and phenotype. A phylogeographic analysis in-
ing 214 mitochondrial D-loop sequences revealed
trapped in this study belong to the M. m. musculus

e, and therefore cluster with samples from Kazakhstan
the Czech Republic which serve as a reference for
from neighboring Germany (e.g. the Leipzig area;

2). The “musculus”-haplogroup is clearly distinct from
. domesticus (from various Western European coun-
, Africa and South West Asia). Furthermore, Fig. 2
evidence for separation of Afghan house mice D-
sequences from sequences of house mice from the
h Republic.

parison of DNA sequences of Mus musculus
inovirus 1 detected in M. musculus of different
raphic regions
g generic DPOL gene PCR for herpesvirus detection
ouse mouse samples from Camp Marmal and three
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n = 61 for PRT Kunduz. Five additional animals were collected at Hazrat-e-Sulta
tions in Germany, a total of 14 out of 114 reactions
uced products of approximately 250 bp length each

valin
clud

______________________ WORLD TECHNO
T3). Five out of 60 samples from Camp Marmal, six
of 18 samples from Cologne, two out of 18 samples
Saarbrücken and one out of 18 samples from

lfzell delivered positive results. All 14 viral se-
ces showed 97% similarity to a single MmusRHV1
ence sequence described before (AY854167) [17]. A
parison of the novel sequences from Camp Marmal/
anistan (MeS), Cologne (COL), Saarbrücken (SBR)
Radolfzell (RAZ), and those for the Leverkusen
), Roklum (ROK) and Liverpool (LIV) sites gener-
in an earlier study [17] indicated that all sequences
any given site were identical to each other, with

ption of one sequence from the Leverkusen site
ber LEK_1; Fig. 3). Viral sequences for each trap-
location showed a unique DPOL DNA sequence
the exception of identical sequences from the sites
gne (COL_1 – COL_6)/Radolfzell (RAZ_1) and Liv-
ol (LIV_1 – LIV_4)/Leverkusen (LEK_2 – LEK_9).
other European MmusRHV1 DNA sequences
ed a difference in a single nucleotide (Roklum,
, position 148; Saarbrücken, SBR, position 158).
larly, sequences obtained from Camp Marmal/
anistan differed from all European sequences in two
tions (10 and 157). Partial amino acid sequences of
deduced DPOL protein show that most of the nu-
tide differences are silent and do not translate into
o acid substitutions (Additional file 3: Figure S2).
L amino acid sequences from MmusRHV1 detected
ouse mice from Camp Marmal and all other sites
almost identical, however, all sequences from

brücken showed a substitution of isoleucine for

for 10 animals no trapping site information was available
e in position 53 and all sequences from Roklum in-
ing the reference sequence displayed a substitution

LOGIES_________________________



WTFig. 2 Median Joining Network of 214 mitochondrial D-loop sequences of house mice. The relationship between individuals of seven populations,
representing the two most prominent subspecies of house mice M. m. musculus and M. m. domesticus are shown. Mice collected in Afghanistan
could be clearly attributed to M. m. musculus. The number of mutation steps is given as hatch marks

Fig. 3 Comparison of partial DNA sequences of the DPOL gene of MmusRHV1 from Mus musculus specimens collected in Afghanistan, Germany
and the United Kingdom to a reference sequence from Germany. All sequences from Afghanistan originated from Camp Marmal (Mazar-e-Sharif
(MeS)), whereas all sequences from the United Kingdom originated from Liverpool (LIV). Sequences from Germany resulted from specimens
trapped in Northern (N) Germany (Roklum (ROK)), Central (C) Germany (Cologne (COL) and Leverkusen (LEK)), Southwest (W) Germany
(Saarbrücken (SBR)) as well as South (S) Germany (Radolfzell (RAZ)). Nucleotide exchanges in the DPOL sequence of MmusRHV1 strains are
marked. Included sequences were generated in this study (Afghanistan: 5, Cologne: 6, Saarbrücken: 2, Radolfzell: 1; n = 14) or have been
determined in a reference study (Leverkusen: 9, Roklum: 22, Liverpool: 4; n = 35; [17])
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lutamic to aspartic acid in position 49 compared to
ther sequences.

ction of astrovirus RNA sequences in M. musculus
Afghanistan and Germany
generic astrovirus RT-PCR showed for 13 out of
samples products of about 400 bp. Seven out of 36
ples from Camp Marmal, four out of eight samples
Gelsenkirchen and Lünen, one out of eight samples
Stuttgart and one out of 12 samples from Radolf-

delivered positive results. No positive samples were
ined from the mouse breeding facility. Two distinct
s of astroviruses were observed: a sample from
lfzell as well as one out of seven samples from
p Marmal displayed 84% identity to rat astroviruses
rat astrovirus RS297, accession number HM450385),
reas all other astrovirus sequences detected in this
y showed an average of 92% (range: 89% to 93%) iden-
to house mouse astroviruses (e.g. astrovirus TF20LM,
ssion number JQ408742). A phylogenetic analysis of
13 novel sequences and 33 astrovirus reference se-
ces highlights this apparent difference (Fig. 4).

ussion
position of the small mammal community of FSB
p Marmal and PRTs Fayzabad and Kunduz
tary bases of the 21st century offer a multitude of
ogical niches for commensal rodents within artificial
an environments. This is especially true for tempor-
or makeshift bases set up in countries with infra-
ture deteriorated by war such as Afghanistan,
h offer a unique combination of high accessibility
large amounts of resources for commensalic small
mals capable of exploiting them. As a result, rodent
munities determined in this study were strongly
inated by M. musculus. The overall small mammal
rsity in all trapping sites was very low with a total of
mall mammal species, four of which belonged to the
r Rodentia. The highest diversity of small mammals
observed for the Camp Marmal site. In contrast, only
species each were encountered at the PRT Kunduz
the PRT Fayzabad site, albeit the total amount of ani-
trapped at both PRTs was significantly lower for PRT
duz (n = 61) and PRT Fayzabad (n = 27) than for
p Marmal (n = 648). Among the small mammal
ion were sporadic trappings of insectivores, such as
idura cf. suaveolens and Suncus etruscus which could
been attracted by invertebrates feeding on such bait.
a single specimen of the genus Rattus was collected

ng the study time of almost three years. This speci-
had a high identity of the cytochrome b gene to R.
zumi, a species commonly encountered in Central
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. Gray dwarf hamsters (Cricetulus migratorius) and
(Meriones libycus) proved to be the second and
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most abundant mammals trapped. Gray dwarf
sters accounted for 12.8% of trappings. This omniv-
s (granivorous/insectivorous) rodent is widespread
ugh Central Asia and can inhabit a large variety of
sland habitat, especially at high altitudes. In con-
to Mus musculus this species prevails in very dry
tats and was reported to have a significantly lower
r size and birth rate [30]. However, the results of
study show that both the possible litter sizes and
percentage of pregnant females of both species
similar. Similar to C. migratorius, Meriones libycus

ped in this study are relatively widespread burrow-
rodents. These animals are strongly adapted to arid
ronments and can entirely cover their water supply
ugh their food sources [31].
e small mammal species trapped in this study how-
only represents a snapshot of the true small mammal
rsity of Afghanistan. While the predominant species
cted in this study, Mus musculus, Meriones libycus and
igratorius have been observed in previous studies from
anistan [10, 11] and a study from Northeastern Iran
the total small mammal diversity of this region also
prises members of the genera Calomyscus, Alticola,
fordimys, Ellobius, Microtus, Allactaga, Jaculus, Dry-
s, Salpingotus, Gerbillus, Apodemus, Nesokia, Rattus,
ra and Sorex.
e limited small mammal diversity detected at the
e sampling sites Mazar-e-Sharif, Fayzabad and
duz within the dataset however is not unusual for
n settings. Previous studies from Vancouver, Canada
, and Buenos Aires, Argentina [34], have shown that
n small mammal communities are dominated by
us norvegicus, Rattus rattus or Mus musculus. A
tal factor determining which of the three species
inates an urban environment is the structure and
oenvironment provided by the specific location.
se species excel in microenvironments that contain
-made structures as well as rural habitats, e.g.
ty towns or parklands, but struggle to compete with
r rodents in less urbanized regions. The three trap-
sites investigated in this study were semi-temporary
n environments with an unusually high transition
of human personnel and goods. Due to the military
of the trapping sites, density of human personnel
square meter was very high and accommodation was
able in the shape of container architecture. For lo-
cal and strategic reasons, all three trapping sites
located adjacent to local air strips or at the out-

s of the actual cities of Mazar-e-Sharif, Fayzabad
Kunduz and were embedded in a predominantly
l surrounding. This setting therefore may select
ll mammal communities for commensals such as M.

culus due to both easy accesses in and out of the
but also offers easy access to food resources. In
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Fig. 4 Molecular phylogenetic analysis of astrovirus sequences from house mice collected in Afghanistan and Germany as well as reference
sequences from the United States and Japan by Maximum Likelihood method. The evolutionary history was inferred by using the Maximum
Likelihood method based on the Jukes-Cantor Model. Bootstrapping with 1000 replications was performed and support values below 50% were
omitted in the figure for clarity. A discrete Gamma distribution was used to model evolutionary rate differences among sites (5 categories (+G).
The analysis involved 46 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 231 positions in
the final dataset. Evolutionary analyses were conducted via CIPRES portal using the FastTreeMP on XSEDE (2.1.9) routine [23]
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rast to the patchy rodent population composition and
ity in an urban environment observed in Vancouver
the communities in Camp Marmal, PRT Kunduz and
Fayzabad showed a relatively similar composition
erning the dominance of house mice and occurrence
ay dwarf hamsters. This could be due to the modular

co
m
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standardized design of makeshift military bases devel-
for missions such as ISAF. Similar to rodent

simi
C. m
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munities observed in Buenos Aires [34], Camp Mar-
and the PRTs Kunduz and Fayzabad also contained
erophobic rodent species, e.g. C. migratorius and
iones libycus. A previous study conducted in habitats
lar to the Afghan trapping sites in Uzbekistan showed
ence of both species and indicated preferences for

lar microenvironments and food sources [30]. While
igratorius is a granivorous and insectivorous rodent
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prefers rocky or gravely surfaces, Meriones libycus
primarily trapped on sandy ground and prefers green
tation and seeds [30, 31].
e results of this study greatly vary from an earlier
rt on rodent sightings in Camp Marmal in the
d from 2004 to 2006. Within this time, a major
outbreak occurred in this area that involved more
4200 cases within a period of 36 months and was

buted to a high abundance of great gerbils (Rhomb-
s opimus) and transmission by Phlebotomus papatasi
flies [3]. Interestingly, no specimens of R. opimus
d be detected among the rodents collected in the
ent study. The presence of R. opimus in the vicinity
umans in Northern Afghanistan is associated with
structure degradation due to the Afghan Civil War
agricultural changes e.g. the construction of irriga-
canals for intensified crop in the 1980’s. In case of
p Marmal, the massive increase of the local R. opimus
lation was attributed to banks of loose soil erected
ng construction works in the vicinity of the base. By
, the soil banks were removed, graveled or replaced
concrete wall surrounding parts of the base [5]. These
ifications in combination with pest control measures,
reconstruction of infrastructure as well as the intro-
ion of food sources more suitable to commensalic ro-
s (e.g. Mus musculus) therefore may have changed
habitat to the disadvantage of R. opimus while simul-
ously preventing from Leishmania spp. infection by
rupting the local main transmission mode [5].

ins of house mice (M. musculus) trapped in military
s of northern Afghanistan
ssential question resulting from our data is the origin
e small mammals trapped in this study. As Camp
mal received large quantities of goods via air transport
Leipzig, Germany, to Kabul and successive land trans-
during the trapping period [1] most supplies for the
hence originated from Germany or nations sharing
ase (e.g. Denmark and Norway). It is not unlikely that
in such a large logistic operation, an ubiquitous and in-
e species such as M. musculus could have been acci-
ally introduced into the military base through supply
s or containers from Europe. Similarly, indigenous
lations of M. musculus could have been recruited into
orthern Afghan bases by providing local animals with

nvironment and food sources suitable for them.
en though the phylogeography of the house mouse
t fully resolved yet, it is clear that the house mouse is
up into at least three distinct subspecies, M. muscu-
omesticus, M. musculus musculus and M. musculus
neus [35] which are already well known. Further-
e, the clade M. musculus bactrianus has been recently
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gene
tive

______________________ WORLD TECHNO
T

se) and M. musculus musculus (the Eastern house
se) are spread globally due to human colonization.
le M. m. domesticus is predominant in Western
pe and Northern Africa, Australia and the Americas,
. musculus can be found in the continental climate of
ern Europe and Asia [38–41]. A hybridization zone of
subspecies has been observed in Eastern Germany

Austria extending through the Adriatic coast [38–41].
ever, hybrids of Eastern and Western house mice in
European hybridization zone are considered signifi-
ly less competitive than members of each subspecies
ugh a series of genetic mechanisms [42–45].
this study, we investigated the origin of house mice
ped at three sites in Afghanistan with several tech-
es: First, amplification and sequencing of the cyto-
me b gene enabled a quick detection of subspecies
. musculus. All analyzed specimens of house mice
ped at the three Afghan sites showed a high similar-
f the cytochrome b gene to M. m. musculus but a
r similarity to M. m. domesticus. These findings
supported by the analysis of the mitochondrial D-
region. All 85 sequences of animals trapped in this
y used for the analysis of the mitochondrial D-loop
n did unequivocally cluster with sequences obtained
M. m. musculus specimens originating from Central
in an earlier study [41], which also confirms the
ng of Prager et al. (1998) [46].
rther, this analysis also shows that transports from
rts close to the European M. m. musculus popula-
s (i.e. the airports in Eastern Germany, Denmark
Norway) were less likely the source of the mice sam-
in Afghanistan (Fig. 2). In case of Eastern German
orts, D-loop sequences of M. m. musculus from the
h Republic were used as reference due to their
raphic proximity. The results presented above are
orted furthermore by a recent study that compared
populations of house mice from eight Eurasian loca-
s (including specimens from Camp Marmal) by whole
me sequencing [47]. These results clearly show sub-
tial differences between Eastern European and Central
n specimens of M. musculus musculus on the level of
whole genome. Furthermore, that study included fe-
and male individuals and there is no evidence of
import from Western Europe to Afghanistan [47].
limitation of both methods that are based on mito-
drial DNA that is solely inherited from the maternal
ges is their incapability of detecting hybrid offspring of
M. m. musculus specimens that could have been in-

uced from Eastern German airports into Afghanistan.
ontrast to conventionally used methods to overcome
limitation (e.g. microsatellite analysis), this study inves-
ed viral DNA and RNA sequences of the polymerase

s of MmusRHV1 and murine astroviruses as alterna-
markers to test their suitability for this very purpose.
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usRHV1 has so far exclusively been detected in Mus
culus and the DPOL gene is highly conserved in con-
to other genes within the viral genome (e.g. the gene
ng for glycoprotein B) [17]. The results of this study
irm the conserved nature of the DPOL gene of
usRHV1, but show distinct local patterns of nucleotide
tions. Out of the sequence dataset obtained from
anistan and six different locations in Europe, unique
eotide exchanges were detected at two sites in
any (Saarbrücken and Roklum), whereas identical se-
ces were found at locations Cologne/Radolfzell and
rpool/Leverkusen. Interestingly, different sequences for
POL gene were observed in specimens from Cologne
Leverkusen, two neighboring cities on opposing banks
he river Rhine. Afghan MmusRHV1 sequences dis-
ed two unique and silent nucleotide exchanges that did
occur in European samples. Nucleotide substitutions
e DNA sequence of MmusRHV1 proved to affect the
o acid sequence of the actual DPOL protein in only
positions within the whole dataset analyzed in this
y (positions 49 and 53). In the first case aspartic acid
substituted for glutamic acid, whereas in the second
isoleucine was substituted for valine and thus involved
o acids with similar chemical properties and func-
l groups. This combination of conserved DNA se-
ce but location-specific nucleotide variations makes
artial DPOL gene of MmusRHV1 a promising candi-
for a novel phylogeographic marker for the analysis of
raphic origins of Mus musculus specimens. Yet, a lim-
factor of this method could be the percentage of in-
d animals. In this study, an average of 12.3% (14/114)
fghan house mice was infected with MmusRHV1 which
slightly lower than in a previous study [17]. As it cannot
iori be assumed that a high enough percentage of a
e mouse population at each trapping site is infected
MmusRHV1, the current procedure requires trapping
processing of large numbers of house mice to provide a
tically valid data set for each trapping site. Further
lems could be the relatively low sensitivity of the nested
PCR used in this study or the fact that herpesviruses
ore complicated to be detected during latency.
back up the results obtained for MmusRHV1, a

NA virus, another virus that shows high prevalence
ouse mouse populations was investigated in this
y. For that purpose, astroviruses were selected as an
ple of a ssRNA virus frequently detected in rodents
more specifically in house mice [48–50]. As they are
viruses, murine astroviruses are in general prone
high sequence variability driven by the lacking

f-reading function of the RdRp as well as specific
res of the astrovirus genome. In addition, these viruses
also capable of genomic recombination which has
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case of this study, two different genotypes of
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viruses were detected each in house mice from
anistan and Germany. While most of the novel astro-
sequences have shown high similarities to other mur-
astrovirus sequences, a single sequence each from
anistan and Germany did group with rat astroviruses.
in the murine astroviruses, no apparent grouping into
ion-specific groups could be detected. The apparent
sequence variability of the region analyzed in this
y in combination with a relatively small database of
ine astrovirus genomes available at this moment of
therefore currently make astroviruses a less suit-
candidate for virus-based phylogeographical ana-
than gammaherpesviruses, i.e. MmusRHV1.
ally, the combined results of three of the four methods
d indicate that the establishment of an invasive house
se population originating from Northern, Central or
tern Europe after a hypothetical transportation is un-
. These findings are supported by a previous study
ucted on the Kerguelen Archipelago and other South-
Ocean Islands [14]. D-loop analysis indicated that the
e mouse population that conducts the primary invasion
e islands cannot be superseded by a secondary invasion
he same species. The mechanism for this resilience
st either takeover or interbreeding of primary colo-
s by secondary colonizers is presumed to be due to
k adaptations to biotic and abiotic factors of the new
tat. Primary driving forces for these adaptations may be
ate, food sources and microhabitat structure [14, 15,
In case of the Kerguelen Archipelago, Western house
from Europe performed the primary invasion and

kly adapted to a colder climate, a diet mainly based on
ts as well as a less structured habitat due to the high
ber of offspring and low generation time. Therefore,
ndary colonizers invading the islands faced an already
ted population of competitors. In case of the Afghan
ary camps, house mice must be adapted to a signifi-
ly harsher and drier continental climate at elevated alti-
and to a desert habitat with significantly less cover and
tation in comparison to habitats in Central Europe.

ook - Mus musculus as dominant commensal of ISAF
isons in northern Afghanistan
results of previous research [33, 34] as well as this
y imply that rodent communities dominated by
e mice may form spontaneously in sites like Camp
mal due to the habitat structure and food sources
duced by the construction of the military bases.
le these results urgently require further investigation
ilitary bases of similar design, they may indicate an
t of this specific rodent species on life in Northern
anistan military bases. From 2004 to 2006, high
bers of Rhombomys opimus were detected in the

ity of Camp Marmal due to earth works, yet for the
d from 2009 to 2012 after having implemented

LOGIES_________________________
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inuous R. opimus control including environmental
ges, none of the trapped mammals belonged to this
ies. While another possible reservoir host for Leish-
ia spp., Meriones libycus [52], was trapped within
Camp Marmal site, it only represented 2.1% of total
ped animals. This may indicate that R. opimus-domi-
d communities inside Camp Marmal site from 2004
006 were superseded by house mouse-dominated
munities by 2010. In contrast to this species, house
are known to be carriers of other pathogens such as
hocytic choriomeningitis virus, Leptospira spp., Rick-
a spp. and Salmonella spp. [53]. The presence of a
e mouse population in the military camps in this
y therefore may have provided a surrounding with sig-
antly lower number of reservoir hosts of zoonotic
ogens such as Leishmania spp. for both soldiers and
ian personnel. Hence, house mice in Camp Marmal
the PRTs Kunduz and Fayzabad have successfully col-
ed a habitat previously occupied by reservoir hosts of
pathogens. However, further studies could provide
sight if this is a common process occurring through-
fghanistan (or in fact other military bases in develop-

t on other continents) and more importantly, if this
ess is reversed after the end of the military operations,
by investigating current rodent communities in now
doned Northern Afghan military bases and determin-
he prevalence of zoonotic pathogens within them.

clusions
results of this study highlight that changes in the
itecture and design of the makeshift military bases in-
gated affected the resident rodent communities as the
lation of R. opimus encountered before 2009 disap-
ed from the bases and a rodent population dominated
astern house mice could be found after this point in
. Albeit a relatively low probability of undetected
idization of introduced and local house mice, both
rnal mitochondrial DNA markers and viral marker
s of a DNA virus infecting these Afghan rodents indi-
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eviations
se pair; COL: Cologne; DMSO: Dimethyl sulfoxide; DPOL: DNA
erase; ds: double stranded; FOB: Forward Operating Base; FSB: Forward
rt Base; ISAF: International Security Assistence Force; LEK: Leverkusen;
verpool; MeS: Mazar-e-Sharif, Camp Marmal/Afghanistan;
RHV1: Mus musculus Rhadinovirus 1; PRT: Provincial Reconstruction
; RAZ: Radolfzell; RdRp: RNA-dependent RNA polymerase; ROK: Roklum;
aarbrücken; ss: single stranded; ZCL: Zoonotic Cutaneous Leismaniasis
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Demography of a small, isolated tiger (Panthera 
tigris tigris) population in a semi-arid region of 
western India
Ayan Sadhu1, Peter Prem Chakravarthi Jayam1,4, Qamar Qureshi2, Raghuvir Singh Shekhawat3,
Sudarshan Sharma3 and Yadvendradev Vikramsinh Jhala1*

Abstract

Background: Tiger populations have declined globally due to poaching, prey depletion, and habitat loss. The
westernmost tiger population of Ranthambhore in India is typified by bottlenecks, small size, and isolation; problems
that plague many large carnivore populations worldwide. Such populations are likely to have depressed demographic
parameters and are vulnerable to extinction due to demographic and environmental stochasticity. We used a
combination of techniques that included radio telemetry, camera traps, direct observations, and photo documentation
to obtain 3492 observations on 97 individually known tigers in Ranthambhore between 2006 and 2014 to estimate
demographic parameters. We estimated tiger density from systematic camera trap sampling using spatially explicit
capture-recapture (SECR) framework and subsequently compared model inferred density with near actual density.

Results: SECR tiger density was same as actual density and recovered from 4.6 (SE 1.19) to 7.5 (SE 1.25) tigers/100km2

over the years. Male: female ratio was 0.76 (SE 0.07), and cub: adult tigress ratio at 0.48 (SE 0.12). Average litter size was
estimated at 2.24 (SE 0.14). Male recruitment from cub to sub-adult stage (77.8%, SE 2.2) was higher than that of
females (62.5%, SE 2.4). But male recruitment rate as breeding adults from the sub-adult stage (72.6%, SE 2.0) was lower
than females (86.7%, SE 1.3). Annual survival rates, estimated by known-fate models, of cubs (85.4%, CI95% 80.3–90.5%)
were lower than that of juvenile (97.0%, CI95% 95.4–98.7%) and sub-adult (96.4%, CI95% 94.0–98.9%) tigers. Adult male
(84.8%, CI95% 80.6–89.2%) and female (88.7%, CI95% 85.3–92.2%) annual survival rates were similar. Human-caused
mortality was 47% in cubs and 38% in adults. Mean dispersal age was 33.9 months (SE 0.8), males dispersed further
(61 Km, SE 2) than females (12 Km, SE 1.3). Higher age of first reproduction (54.5 months, SE 3.7) with longer inter-birth
intervals (29.6 months, SE 3.15) was likely to be an effect of high tiger density.

Conclusion: Demographic parameters of Ranthambhore tigers were similar to other tiger populations. With no signs
of inbreeding depression there seems to be no eminent need for genetic rescue. The best long-term conservation
strategy would be to establish and manage a metapopulation in the Ranthambhore landscape.

Keywords: Camera traps, Dispersal, Inter-birth interval, Known fate, Litter size, Mortality, Radio-telemetry, Ranthambhore,
Spatially explicit capture-recapture, Survival
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Background
At the onset of the nineteenth century, India was home to
nearly 40,000 tigers (Panthera tigris tigris, Linnaeus) [1],
while currently there are around 2200 left [2]. The decline
in tigers was primarily due to hunting, prey depletion,
followed by habitat loss [3]. A timely and proactive
conservation measure, in the form of Project Tiger initi-
ated in 1973 by the Indian Government [4], initially halted
the rapid decline caused by trophy hunting. But an
increased demand for tiger body parts in China and
Southeast Asia in the past 25 years has severely impacted
wild tiger populations. Demand driven poaching resulted
in the local extinction of tigers in Sariska and Panna Tiger
Reserves in India [5, 6]. Most tiger populations currently
are small, isolated, and highly structured [3, 7, 8]. Such
populations are vulnerable to extinction events caused by
environmental and demographic stochasticity [9, 10].
Ranthambhore was a famous hunting reserve for the Ma-
harajas of Jaipur, and numerous shikar (hunting) camps
were organized in pre and post-independence era [11].
Subsequent to India’s independence, intensity of hunting
increased since tiger shikar was considered a social status
symbol. This unregulated hunting caused a severe decline
in Ranthambhore tiger population, and before the onset of
Project Tiger (1973), there were around 14 tigers left in
Ranthambhore [12]. After an initial recovery in 1980’s,
rampant poaching in 1992 and 2005, caused Ranthamb-
hore tiger population to decline below 15 individuals from
about 40 [13, 14]. Local extinctions in the last five decades
suggest that tigers of the semi-arid region of western India
are most vulnerable [15]. The tiger population of
Ranthambhore is the only population that survives in
western India. It typifies the problems many large carni-
vore populations face globally i.e. small founder popula-
tion and lack of connectivity with other source
populations. Small isolated populations like Ranthamb-
hore are susceptible to loss of genetic variability caused by
genetic drift and inbreeding depression [16, 17]. Such pop-
ulations often lose their ability to adept in response to en-
vironmental changes and some manifest deleterious
effects in the form of morphological abnormalities and de-
pressed population vigour [18, 19]. Hence, understanding
demographic parameters of a potentially genetically com-
promised population to determine the need for genetic
rescue is important for developing appropriate conserva-
tion strategies [20]. Quantifying demographic parame-
ters needs long-term data over multiple generations
and for long-lived carnivores such datasets are rare
[21]. Till date most population studies conducted on ti-
gers aim at estimating abundance [22–29], while studies
on demographic parameters (like survival rates, litter
size, sexual maturity, reproductive success) have been
sparse (but see [30–32] for P. t. tigris and, [33, 34] for
P. t. altaica).

Herein, we report demographic parameters of free ran-
ging tigers from Ranthambhore Tiger Reserve from a
nine-year study where 97 individually known tigers were
monitored, and annual density estimated by spatially ex-
plicit capture-recapture using camera traps. By 2012 due
to intensive monitoring, we had photo-captured almost
all tigers of Ranthambhore and had developed a cata-
logue for individually identifying them. We use this in-
formation to compare snapshot density estimated by
model-based inference with near reality. We also com-
pare demographic parameters of Ranthambhore tigers
with those of other tiger populations and conclude that
though Ranthambhore tigers have undergone population
bottlenecks, with limited gene flow and small population
size, their demographic parameters do not seem to be
compromised.

Methods
Study area
The study was conducted from 2006 to 2014 in
Ranthambhore Tiger Reserve (hereafter RTR, latitudes
25041′ N to 26022′ N and longitudes 76016′ E to
77014′ E) which is situated at the junction of two an-
cient mountain ranges, the Aravalli and the Vindhya.
RTR is part of the western Indian landscape that has
Sariska Tiger Reserve in the north, Kuno Wildlife Sanc-
tuary and Madhav National Park in the east, Ramgarh
Visdhari Wildlife Sanctuary and Mukundara Hills Tiger
Reserve in the south-western part (Fig. 1). The core
area of RTR was composed of Ranthambhore National
Park (392 km2), Sawai Mansingh Sanctuary (290 km2)
while Kailadevi Wildlife Sanctuary (630 km2) was desig-
nated as the buffer zone of RTR. Within this western
Indian landscape, tigers were only present in
Ranthambhore NP during the commencement of this
study and subsequently colonised Sawai Mansingh
Sanctuary in 2008–09. These together comprise the
only source population of tigers in the landscape.
During this study, tigers from this population were
reintroduced in Sariska [35] and six tigers dispersed
into northern as well as south-eastern and eastern part
of the landscape (Fig. 1).
The sub-tropical dry climate of RTR experiences three

distinct seasons: mostly dry winters (October–February,
minimum average temperature 5 °C, relative humidity
~10%), hot summers (March–June, mean maximum
temperature 45 °C, relative humidity 10–15%), and humid
monsoons (July–September, average rainfall 700 mm, rela-
tive humidity >60%). RTR primarily comprises of steep
hills, gentle slopes, plateaus, and narrow valleys dotted
with shallow man-made perennial lakes. The area is repre-
sentative of dry deciduous Anogeissus pendula forests in
association with Acacia, Butea, Capparis, Zizyphus and
Prosopis species (5B/C2 - Northern Tropical Dry
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Deciduous forests. 6B/DS1 - Zizyphus scrub, DS1 - Dry
deciduous scrub and 5/DS4 - Dry Grasslands, of
Champion & Seth [36] classification). A diverse assem-
blage of carnivore species (17 species from 7 different
families) were recorded during the course of the study,
which include tiger, leopard (Panthera pardus, Linnaeus),
sloth bear (Melursus ursinus, Shaw), striped hyena
(Hyaena hyaena, Linnaeus), caracal (Caracal caracal,
Schreber), fishing cat (Prionailurus viverrinus, Bennett),
jungle cat (Felis chaus, Schreber), desert cat (Felis silvis-
tris, Schreber), rusty-spotted cat (Prionailurus rubuginosa,
I. Geoffroy Saint-Hilaire), golden jackal (Canis aureus,
Linnaeus), Indian fox (Vulpes bengalensis, Shaw), honey
badger (Mellivora capensis, Schreber), common palm civet
(Paradoxurus hermaphorditus, Pallas), small Indian civet
(Viverricula indica, É. Geoffroy Saint-Hilaire), Indian gray
mongoose (Herpestes edwardsii, É. Geoffroy Saint-
Hilaire), small Indian mongoose (Herpestes auropuncta-
tus, Hodgson), and ruddy mongoose (Herpestes smithi,
Gray). Tiger prey species present in the study area were
chital (Axis axis, Erxleben), sambar (Rusa unicolor,

Kerr), nilgai (Boselaphus tragocamelus, Pallas), chinkara
(Gazella bennetti, Skyes), wild pig (Sus scrofa,
Linnaeus), common langur (Semnopithecus entellus,
Dufresne) and rhesus macaque (Macaca mulata,
Zimmermann).

Field methods: Monitoring of tigers
We monitored 97 individual tigers during the study
(2006 to 2014) through camera traps, radio-telemetry
and routine patrolling (for direct sightings and photo-
documentation) by researchers and forest staff. We de-
veloped criteria for classifying tigers into age groups by
observing known-age individuals and use teeth eruption,
ware, and body characteristics (see Additional file 1 for
age estimation of tigers) similar to that of lions [37, 38].
We classified tigers into six age classes, namely, cubs
(< 12 months), juveniles (12-24 months), sub-adults
(2–3 years), young adults (4–5 years), prime adults
(6–10 years) and old adults (> 10 years). Of the 97
tigers, 74 were known since cub stage, and their age

Fig. 1 Landscape of Ranthambhore showing the tiger reserve and other tiger occupied forest patches in western India. Locations of six individual
tigers that dispersed out of the tiger reserve are shown. The map inset shows the location of Ranthambhore Tiger Reserve within IndiaTR - Tiger
Reserve; NP - National Park; WLS- Wildlife Sanctuary; RF – Reserve Forest; Ranthambhore NP, Sawai Mansingh WLS and Kailadevi WLS together
constitute the Ranthambhore Tiger Reserve
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was known to the exact month. Sex of the individuals
was ascertained by the time cubs were 6 months old.

Camera trapping
Camera traps were used a) in a systematic grid-based de-
sign (4km2 in 2006, 2009, 2012 and 2013, and 2km2 in
2014) for a short duration to estimate tiger abundance,
and b) to target specific areas so as to determine the
presence and use of the area by particular individual ti-
gers throughout the study period.
a) The entire tiger occupied part of RTR was sampled

in a systematic manner during the study by placing a
pair of camera traps at each selected location within a
grid. After conducting a reconnaissance survey, camera
traps were placed on dirt roads, animal trails, fire lines
and dry river beds at locations that maximized the
chances of photo-capturing tigers. A pair of camera
traps (TrailMaster® Lenexa KS USA, Cuddeback™ Green
Bay USA, MOULTRIE® Alabama USA, or Stealth Cam®
LLC Grand Prairie USA), facing each other, were placed
at each location to get both flank photos of tigers at the
same time. Each Camera was programmed with unique
trap ID, time and date stamp on each photograph.
Location of each camera trap was recorded by handheld
GPS unit (Garmin 72™ and Garmin Etrex® 10, Kansas,
USA) and plotted on a digitized map of RTR in GIS do-
main to ensure no sampling holes were present.
Cameras were checked every 2–3 days to ensure proper
functioning and recovery of data. Each photo captured
tiger was identified to individuals by comparing their
stripe patterns and given a unique id (e.g. T1, T2, and so
on). The entire study area was sampled simultaneously

within a period of 28 to 51 days so as to adhere to the
assumption of population closure [39]. The camera
trapped area sampled each year as estimated by joining
the outer most camera traps ranged between 139 to
492 km2 (Table 1).
b) Besides systematic camera trapping conducted once

in a year, cameras were also used in a need based man-
ner to record photographs of specific tigers. Areas of ti-
gers that were not seen for over 60 days were specifically
targeted. These special efforts were carried out by pla-
cing multiple camera traps and conducting an intensive
ground search in most probable locations of that tiger.
The effort continued till the fate of that tiger was ascer-
tained by locating it or confirming its death or dispersal.
Since the landscape outside of the tiger reserve was
human-dominated, the presence of dispersing tigers was
quickly detected by reports of livestock kills and sighting
of tigers or their signs by villagers. The research team
along with forest department staff subsequently tried to
locate each such tiger and ascertain its identity through
sighting, camera traps or hand held photography.

Radio telemetry
Eight tigers (three adult males, one adult female, three
sub-adult males and one sub-adult female) were radio-
collared between April 2007 to May 2009. Tigers were
anesthetized with ketamine hydrochloride in combin-
ation with medetomidine injected intramuscularly using
a gas-powered projectile dart delivery system [40]. Tigers
were collared with a Very High-Frequency transmitter
(Telonics, Arizona, USA) and in most cases with a
Global Positioning System with ground download facility

Table 1 Sampling details and parameters estimates of tiger density from camera trap based spatial capture-recapture analysis in
Ranthambhore Tiger Reserve

Year No. of
camera
locations

Camera trap
Polygon (km2)

Trap
Nights

Mt

+

1
a

Nb(SE) Pe Known tiger
population > 1 Year

D (SE)d /100km2

(CI95%)
Known
densityc

/100km2

g0 (SE) σ (SE) Km

♂ ♀ Cub

2006 40 139 48 16 16 (0.73) 1.0 5f 15f 15f 4.62 (1.19) (2.81–7.59) – ♀: 0.06 (0.009) 2023.0 (131.6)

♂: 0.03 (0.007) 4162.6 (430.4)

2009 48 162 28 25 26 (1.52) 0.96 19f 17f 2f 8.75 (1.79) (5.88–13.02) – ♀: 0.05 (0.009) 1547.0 (110.2)

♂: 0.05 (0.009) 1564.4 (104.3)

2012 60 223 45 22 30 (3.9) 0.73 12 16 6 5.68 (1.22) (3.74–8.64) 5.60 ♀: 0.08 (0.008) 1529.0 (81.7)

♂: 0.08 (0.007) 2136.9 (97.2)

2013 76 464 51 37 40 (2.62) 0.92 18 20 14 7.56 (1.25) (5.47–10.44) 7.60 ♀: 0.05 (0.005) 1480.7 (85.5)

♂: 0.05 (0.005) 1948.7 (83.3)

2014 182 492 48 39 39 (1.38) 1.0 21 21 12 7.22 (1.16) (5.27–9.88) 7.63 ♀: 0.05 (0.006) 1496.5 (73.3)

♂: 0.04 (0.003) 2161.7 (78.4)
aMt + 1: Unique adult tigers photo-captured in camera traps
bN : Population estimates derived from spatially explicit capture recapture technique (regional population size using ‘region.N’);
cKnown density: Known tiger population/ tiger occupied area ♂: Male; ♀: Female
dD : Density estimates (model averaged); g0: detection probability at home range center; σ: movement parameter
eP: Proportion of the population detected by camera trap survey
fSince all tigers were not photo-captured, here we have reported the minimum number of known individuals
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(HABIT, British Columbia, Canada). Soon after the
radio-collaring operation, Atipamezole was administered
for reversing the effect of the tranquilizer [40]. Animals
were left after natural reflexes and behaviour returned
and subsequently monitored through telemetry. Radio-
collared tigers were tracked and regularly monitored
(>three times a week) from a vehicle or on foot through-
out the functional period of those collars. Tigers were
tracked with the help of a hand-held directional 3- elem-
ent Yagi antenna and Telonics and HABIT receivers.
After the battery life of the radio-collars, the surviving
collared tigers were monitored through camera traps
and visual sightings.

Routine patrolling
Due to intensive camera trapping over the years and
photo documentation by researchers and park officers,
we were reasonably certain that almost all tigers of
RTR were photo-captured by 2012 and were individu-
ally known. Our claim of knowing almost all RTR
tigers was substantiated by the fact that in subsequent
years no unknown adult tiger was recorded either by
camera traps or by any other means. All additions to
RTR population from 2012 onward till date were
from known cubs. A photo album was developed and
shared with the staff and officers of RTR in 2012 with
additions and deletions done every 6 months. Since
adult tiger numbers ranged between 20 to 40 individ-
uals, it was possible to identify each tiger on most oc-
casions it was sighted and often photographed with
digital cameras by forest department staff and re-
searchers. When in doubt these photographs were
compared with the photo-album or on the computer
to ascertain the tiger’s identity. A daily record on all
tiger observations was maintained in a register which
was subsequently transferred to a database.

Analytical methods: Estimating demographic parameters
of tigers
Tiger abundance
We used likelihood based spatially explicit capture-
recapture (SECR, [41, 42] in package ‘secr’ on R platform
[43, 44] to estimate tiger density from the systematically
sampled camera trap data over the years (2006, 2009,
2012, 2013, and 2014; Table 1). SECR consists of two
sub-models. The distribution sub-model depicts the
spatial distribution of detectors and animal captures in
the landscape. The detection sub-model (g(x)) declines
with increasing distance between the animal’s activity
centre, and this spatial scale of detection is parameter-
ized by sigma (σ). A spatial capture history matrix, a trap
layout matrix, and a habitat mask that excluded non-
habitat areas from the SECR model space were prepared
and used in secr. Home-range size (as indexed by σ) is

often correlated with density [45]. Since the tiger popu-
lation of RTR increased during our study period, we, pa-
rameterized σ and g0 (capture probability at the
activity centre) separately for each year. Male and
female tigers were likely to differ in their ranging
patterns. Hence we used gender as a covariate to
model heterogeneity in movement parameter (σ).
Half-normal detection function was used to model σ.
We used AICc (Akaike Information Criterion cor-
rected for sample size) [46] to compare models with
the null model (where g0 and σ were constant) and
amongst themselves. Models with less than five delta
AICc values were considered probable and the param-
eter estimates were obtained by AICc weighted model
averages [47]. Cubs (<12 months) were excluded from
density estimation since this cohort is underrepre-
sented in camera traps and has relatively high mortal-
ity [22, 48]. Since by 2012 we were reasonably certain
that almost all tigers of RTR were individually known
to us, we use this information to compare estimates
obtained by SECR with actual known density.

Sex ratio and female reproductive parameters
Since sex of all tigers was known, we have calculated sex
ratio (adult males: Adult females) for each year (sam-
pling without replacement) by counting the total num-
ber of males and females in the population, and an
estimate of its versatility between years [49].
Before giving birth, females restricted themselves to a

small area of their territory [30, 50] and were often
detected through frequent photo-captures and higher
intensity of use at a particular site. Births were con-
firmed from photo-captures or direct sighting of lactat-
ing females (Additional file 1), while most cubs were
recorded (photo-captured or sighted) with their mother
only after they were about 2 months old. Since litter size
at birth was rarely known, our reported litter size could
be an underestimate as mortality before 2 months’ age
was not known. The ratio of cub: adult tigress was com-
puted. Age at first reproduction was determined by re-
cording first birth of tigresses that were monitored since
they were cubs. Inter-birth intervals were recorded from
intensively monitored tigresses that littered more than
once during the study period. We recorded intervals
between two successive litters when all cubs of the pre-
vious litter died before reaching dispersal age (more than
2 years) and compare these with intervals between two
successive litters when cubs of the previous litter
survived beyond dispersal age.

Reproductive success and recruitment
We recorded reproductive success of tigresses as the
number of cubs that survived to the age of independence
(24 months). Individually identified tiger cubs that were
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monitored up to young adult stage allowed us to deter-
mine the age at which these tigers acquired territories ei-
ther by displacing established tigers or in vacant habitats
through dispersal. We calculated recruitment as the
proportion of cubs that survived to the sub-adult stage
(≥ 24 month). We also computed recruitment of sub-
adults to successful breeders as the proportion of sub-
adults that subsequently established territories.
Territoriality was inferred when a young-adult exclu-
sively used an area that was earlier used by other adult
tigers of the same gender or dispersed to a vacant habi-
tat and lived there for several months.

Survivorship
We estimated stage specific (cub, juvenile, sub-adult,
young adult, prime adult, and old adult) survival prob-
abilities of tigers by using known-fate model [51] in pro-
gram MARK (ver.7, [52]). Known-fate models use
Kaplan-Meier estimator [53, 54] to estimate survival
which requires that fate of the individual is known with
certainty during the period a particular individual is
monitored. All individuals do not enter the study simul-
taneously but are added in a staggered manner known
as the staggered entry design [54]. Radio-telemetered in-
dividuals provide the best data for such analyses [51].
However, in our case, besides the eight collared tigers
that were located several times a week, each known indi-
vidual tiger was observed (camera trap photo-captured,
directly observed or photographed from hand-held cam-
eras) at least once every month, and its fate recorded
(see Additional file 2). In rare cases when an individual
was not observed during an interval the known-fate
model allows its observation to be ‘censored’ from the
analysis [51]. Data on survival/death of tigers was com-
piled on a monthly basis. We subsequently pooled this
data for a three-month period to have a good number of
observations on each tiger as well as to have an interval
that was meaningful for survivorship analysis of tigers
that are reasonably long-lived. Live-dead encounter his-
tory matrix for tigers was made by pooling encounter
histories of 3 months into one interval where 10 repre-
sented survival of the individual throughout the interval,
11 represented mortality of the individual during the
interval, and 00 represented censoring the individual
when that individual was not observed during the three-
month interval. Only 59 observations on seven tigers
out of 3492 observations from 97 tigers were censored
during the study (see Additional file 2), forming a very
small proportion (1.6%) of observation where fate could
not be ascertained for that interval. All of these seven ti-
gers were observed in subsequent periods, but by cen-
soring them for intervals they were not recorded, we
add to the uncertainty in our estimates [51]. Seven tigers
(two juveniles, one sub-adult male, one young adult

male, and three old adult females) out of 97 that we
monitored went ‘missing’ during the study period. We
considered two extreme scenarios for these individuals
in our survival analysis: a) a highly likely conservative
scenario, that these tigers were poached, and b) a more
optimistic but less likely scenario that these tigers dis-
persed and we were unable to trace them. In case of sce-
nario ‘a’, we modelled these tigers as dead, and in case of
scenario ‘b’, we censored them from our analysis. The re-
sultant estimates of survival would encompass the true
estimate. For our analysis, the matrix was right censored
for all the surviving tigers at the end of December 2014.
Tigers that survived and were monitored from cub to
adulthood were included in subsequent stages with the
assumption that survival rates were independent for dif-
ferent stages. As part of tiger reintroduction program,
seven tigers were translocated from RTR to Sariska Tiger
Reserve during the study period [55]. These individuals
were censored in our survival analysis at the time of
their translocation since these tigers would be exposed
to a different set of environmental factors in Sariska that
determine their survival probability. We formulated and
run different candidate models which were ecologically
plausible and compare them using AICc values. Model
averaged survival estimates were obtained for models
with less than five delta AICc values [47].
Mortality events were confirmed when carcasses were

recovered, and causes of mortality were recorded on the
basis of post-mortem report compiled by experienced
veterinary personnel and/or by questioning eyewitnesses
(if any). Cub mortalities were confirmed when found
dead. However, not all cub carcasses could be recovered.
A cub was considered dead if it was not detected (not
photo-captured or sighted) with its mother for more
than a month [34]. There were no incidents where a cub
that was not recorded for over a month (considered
dead) was ever seen again. We considered seven tiger
cubs (ranging from 2 to 10 months) that were provi-
sioned by park managers after the death of their mother,
as dead since they were unlikely to have survived in the
wild on their own.
The small and isolated nature of RTR made it possible

for us to follow and ascertain dispersal events of tigers.
Tigers that left the National Park had to traverse
human-dominated areas where their presence was de-
tected readily by local communities who were always on
a high vigil for large carnivores. The presence of tigers
was detected from signs and examination of livestock
kills (which were compensated by the Government). Our
research team and park managers ascertained the iden-
tity of these tigers by targeted effort of camera trapping
and visual sighting. Due to the high profile nature of
RTR as well as the small tiger population that was vul-
nerable to poaching, the park management along with
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the research team made a concentrated effort to locate
each tiger individually to ascertain its wellbeing. Mortal-
ity events were categorized into natural mortality (death
of the mother, infanticide, old age, disease, intra-specific
strife), human-caused mortality (poaching, poisoning,
accidents due to human causes), and unknown.

Dispersal age and distances
We considered tigers to have reached dispersal age once
they became ≥24 month old (considering the lowest age
of dispersal). At this age most tigers no longer moved
with their mothers and were capable of hunting on their
own. Dispersals from the natal area were confirmed
through telemetry, camera trap photographs, direct ob-
servations and hand-held photography of tigers. Disper-
sal distances (Euclidean distance) of these tigers were
measured from the centre of their natal area to the most
extreme location of that tiger.

Results
Tiger abundance
On the average an effort of 3715 (SE 1324) camera trap
nights were invested each year (Table 1). In most years
the model having g0 as constant (.) and movement par-
ameter (σ) having sex-specific responses was selected as
the best-fit model. In year 2009 the null model (g0(.),
σ(.)) was selected as the best model (Additional file 3:
Table S1). Annual model averaged density estimates
varied from 4.6 to 8.7 tigers per 100 km2 (Table 1). The
movement parameter (σ) was consistently larger for
males compard to females and was found to decline
asymptotically with an increase in density for males
(Fig. 2). The density estimate obtained from SECR did
not differ from near actual density (Table 1).

Sex ratio and female reproductive parameters
Adult sex ratio (male: female) in the initial years
(2006–07) was female biased (0.38, SE 0.04) and became
marginally female biased (0.91, SE 0.04, 2008–14) in
subsequent years. Overall male: female ratio was 0.76
(SE 0.07) during the study period. The total number of
breeding females in RTR ranged between 12 to 15 (see
Additional file 4: Figure S1). We recorded litter size
from 33 litters of 18 females, and the mean litter size
was 2.24 (SE 0.14; range = 1–4 cubs). Most of the litters
were of two (50%) or three (31%) cubs (Fig. 3). Overall
cub: adult female ratio (n = 9 years) was 0.48 (0.12 SE).
We could ascertain the age at first reproduction for 11
tigresses that were monitored since they were cubs as
54.5 months (3.7 SE; range 33–68 months). Eight out of
these 11 tigresses produced their first litter after 4 years
of age, while only two tigresses gave birth before 3 years
(see Additional file 5: Figure S2). The average interval
between two successive litters (inter-birth interval) was
29.6 months (SE 3.15; range = 7–51 months, n = 14
intervals from 8 tigresses). Intervals were shorter when
all cubs of previous litter died before reaching independ-
ence (24 months, 15.0, SE 4.04 months, n = 3) than when
cubs of previous litters survived till independence (33.64,
SE 2.83 months, n = 11, see Additional file 6: Figure S3).

Reproductive success and recruitment
More than 50% of the intensively monitored breeding
females (n = 18) successfully raised all their litters to in-
dependence, while around 10% of the females failed to
raise any of their cubs during the study period (Fig. 4).
Data on 51 individuals indicated that male recruitment
rate from cub to the sub-adult stage was higher (77.8%,
SE 2.2) than females (62.5%, SE 2.4). But male recruit-
ment rate as breeding adults in the population from the

Fig. 2 The relationship between the movement parameter σ estimated using likelihood based spatially explicit capture recapture models and
tiger density. Movement parameter σ for tigers declined asymptotically with increasing density while σ for tigresses remained relatively constant
with increasing density
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sub-adult stage was lower (72.6%, SE 2.0) than females
(86.7%, SE 1.3, Table 2).

Survivorship
The average annual survival rate of cubs (85.4%) were
comparatively lower than that of other age classes
(Table 3). Annual survival rate increased after cub stage,
remained constant till prime adult stage after which it de-
clined (Table 3). Survival rates for males and females were
similar for younger stages while females had marginally
higher survival in older stages (Table 3). The survival esti-
mates with our conservative approach of considering
seven missing tigers as dead did not statistically differ
from survival estimates when these tigers were censored
from the analysis (Additional file 7: Table S2).
We recorded 25 mortality events (17cubs and juve-

niles, and 8 adults) during our study. Amongst all cub
and juvenile mortality, 41% were natural (infanticide and
death of mother due to natural causes), 47% were hu-
man caused (mother poached, accidents due to human

causes and poisoning) and 12% of these could not be
ascertained (Fig. 5). Amongst all adult mortality, 50%
were natural (old age, disease, and intra-specific strife),
and 38% were human-caused (poisoning and poaching,
Fig. 5), the cause of 12% adult mortality could not be
determined.

Dispersal age and distances
We recorded dispersal of 29 tigers, of these six were
long distance dispersal out of RTR (Fig. 1). Mean disper-
sal age of tigers in RTR was 33.9 months (SE 0.8, range
= 24–42 months). Mean male dispersal distances (60.6,
SE 2.1 Km) were larger than that of females (12.1, SE 1.3
Km, Fig. 6). Most of the females established their terri-
tory near their natal area while the majority of the males
dispersed further from their natal areas. Five out of 16
males and one out of 13 females dispersed outside RTR
and settled in forest patches within the larger landscape.
These long distance dispersal movements ranged from
56 to 220 km Euclidean distance from their natal areas.

Fig. 3 Percent frequency of different sized litters (n = 33) of tigresses observed in Ranthambhore Tiger Reserve

Fig. 4 Reproductive success of breeding females in Ranthambhore Tiger Reserve measured as a percentage of cubs that survived to recruitment
age (24 months) (n = 74 cubs from 33 litters of 18 females)
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Discussion
Tigers are conservation dependent species and require
substantial investments in terms of management and
protection for their long-term persistence [56]. Informa-
tion on survival, recruitment, litter size, reproductive pa-
rameters, dispersal, sex ratio and density that we provide
in this paper are the basis of estimating population via-
bility and planning management interventions.
We mostly use standard methodology, but adept some

and develop a few approaches required for procuring
data from endangered carnivores. The subsequent ana-
lyses of these data do not violate any underlying assump-
tions of the analytical procedures. We believe that we
were justified in using Known-Fate model for estimating
survival due to the high frequency (every month) of ob-
servations of 97 individually known tigers for determin-
ing their fate (see Additional file 2). As explained in our

methods, we ‘censored’ surviving individuals when the
study was completed and for the few occasions in-
between when we could not determine the fate of indi-
viduals [51]. Open population capture-mark-recapture
models cannot distinguish between emigration and mor-
tality, and are confounded by the nuisance parameter of
imperfect detection [51, 57]. Therefore, known-fate
models though being data intensive, provide more pre-
cise and more informative parameter estimates.
During the initial phase of the study (i.e. 2006) tiger

density in RTR was low (Table 1) as the population was
recovering from a recent decline caused by poaching. In
subsequent years, density increased with good protection
and fluctuated between 5.6 to 8.7 tigers/ 100km2 with a
mean density of 7.5 (SE 2.7) tigers/ 100km2 (Table 1).
This fluctuation in tiger density was likely due to syn-
chrony in breeding by several females and recruitment
of a large cohort of sub-adults that became available for
camera trap sampling at an approximate interval of
2 years. As tiger density increases within a limited area,
we would expect home-range to either decrease and/or
show an increase in overlap. The movement parameter σ
is an index of home-range radius over short time dur-
ation [42]. Efford et al. [45] show an asymptotic decline
in σ with increase in tiger density from data across India.
Herein, we demonstrate a similar relationship between σ
and tiger density within a single population which we
believe is ecologically more meaningful (Fig. 2). The
asymptotic nature of σ for males and a relatively con-
stant σ for females suggests that male tigers’ home range
decline to some extent with increase in tiger density,
while home range size in females, which is based primar-
ily on food availability [31], does not change with dens-
ity. This could be interpreted to suggest that either
tigresses do not invest energy in acquiring a home range
larger than required to rear cubs or that Ranthambhore
National Park was already near carrying capacity density
with little scope of reduction in home-range sizes for ti-
gresses. The increase in tiger numbers in RTR was ac-
companied with an increase in tiger occupancy while the
number of breeding females remained relatively constant
(12 to 15) during our study period (see Additional file 4:
Figure S1). Camera trap data suggests that the entire
core area of RTR (Ranthambhore National Park and
Sawai Mansingh Sanctuary) was occupied by tigers by
2014. We also witnessed intense competition between
mothers and daughters for breeding territories. This was
another indication that tiger density was at or near car-
rying capacity within the core of RTR. For high density
populations near carrying capacity regulatory mecha-
nisms may include delayed age of first reproduction, in-
creased inter-birth intervals, smaller litter sizes and
depressed survival [58]. Delayed female age of first
reproduction and longer intervals between two

Table 2 Recruitment of tigers with known fate (from ~2 months
of age to age of independence >2 years and as territorial adults
>3 years) in Ranthambhore Tiger Reserve

Classes No. of cubs Recruitment to
adult stage (%)

Recruitment as
territorial adults (%)

Male 27 21 (77.8%, CI95%:
73.5–82.0%)

16 (76.2%, CI95%:
72.4–80.0%)

Female 24 15 (62.5%, CI95%:
57.8–67.1%)

13 (86.7%, CI95%:
84.1–89.2%)

All 51 36 (70.6%, CI95%:
64.2–76.9%)

25 (69.4%, CI95%:
64.0–74.8%)

Table 3 Survival rates of tigers (n = 97) in Ranthambhore between
2006 to 2014

Age class Gender Sample size Average annual
survival ratea (CI95%)

Cubs
(< 12 months)

Male 39 85.35 (80.3–90.4) %

Female 35 85.40 (80.3–90.5) %

Juveniles
(1–2 years)

Male 33 97.05 (95.4–98.7) %

Female 26 97.06 (95.4–98.7) %

Sub adults
(2–3 years)

Male 28 96.46 (94.0–98.9) %

Female 19 96.49 (94.1–98.9) %

Young adults
(3–5 years)

Male 20 93.87 (88.0–99.8) %

Female 18 94.26 (89.0–99.6) %

Prime adults
(5–10 years)

Male 15 82.53 (74.6–90.4) %

Female 20 86.43 (80.7–92.1) %

Old adults
(> 10 years)

Male 3 82.78 (76.9–88.7) %

Female 12 84.52 (79.1–90.0) %

Adults (> 3 years) Male 38 84.88 (80.6–89.2) %

Female 50 88.74 (85.3–92.2) %

All adults
(> 3 years)

Male and Female 88 86.99 (84.3–89.7) %

aConservative estimates, where we have considered seven ‘missing’ tigers as
dead; a more likely scenario
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successive litters observed in RTR tigers were likely an
effect of high tiger density at or nearing carrying cap-
acity inside the core of RTR. Parameters that could po-
tentially be depressed by inbreeding depression like litter
size, cub survival, and disease caused mortality were ei-
ther similar or better in comparison to other tiger popu-
lations (Table 4).
In highly inbred populations morphological abnormal-

ities are often observed and resistance to disease is often
compromised [18, 59]. During our study we did not en-
counter cubs with abnormalities or skeletal defects and
mortality of tigers attributed to disease was only one.
The morphometric measurement of RTR tigers captured
for radio-collaring were among those of the largest re-
corded for tigers in India (YV Jhala, unpublished data).
These observations along with comparable demographic
parameters to other tiger populations, suggest that there
were no deleterious effects that had as yet manifested

among RTR tigers due to population bottlenecks, small
size and isolation [18]. This seems likely, since, till re-
cent times the semiarid zone tiger population of central
India was large and well connected [15] and the popula-
tion bottlenecks that RTR tigers passed through did not
remain very small for long periods of time (less than one
generation time) [60]. However, we lack data on early in-
fant mortality and foetal loss during pregnancy, which
are some of the parameters that would be influenced by
inbreeding depression. Reddy et al. [61] conclude that
RTR tigers had reasonable genetic diversity comparable
to other central Indian tiger populations. Studies that
link genetic variability with population size, connectivity,
and ultimately with demography are required for conser-
vation management of large carnivores.
Females that had lost cubs before their recruitment

age gave birth within a smaller time interval as also re-
ported in tigers [62] and in Asiatic lions [38]. Due to a
high level of protection, poaching was rare inside RTR
during the study period. Therefore, long and stable ten-
ures of territorial males were recorded (mean 5.6 years,
range 4 to 11 years, n = 13). Only three cases of infanti-
cide were observed during this study; this contrasts with
studies on tigers in Chitwan National Park in Nepal [30]
and Asiatic lions in Gir [38], where infanticide was a
major cause of cub mortality. Mean dispersal age of RTR
tigers (~33 months) was higher than reported for
Chitwan (~23 months) [30], and Amur tigers
(~19 months, Kerley et al. 2003). Young tigers were not
compelled to leave their natal territories due to new
male takeovers [30]. This stability in territorial male ten-
ures allowed young tigers, especially males, to continue
to live longer within their natal area enhancing their
survival and achieving rapid growth to breeding body
size. On four occasions we observed sub-adult male ti-
gers occupy small ranges in peripheral areas of resident
male territories. Once such tigers become sufficiently

Fig. 5 Cause-specific mortality of cubs and juveniles (n = 17) and adult tigers (n = 8) in Ranthambhore Tiger Reserve between 2006 to 2014

Fig. 6 Dispersal distances of tigresses (n = 13) and tigers (n = 16) from
their natal area in Ranthambhore landscape
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range into that of the residential males’ territory. By
following this strategy relatively smaller and inexperi-
enced sub-adult males avoid lethal encounters with
larger and experienced males during their initial
dispersal stage [31].
Ten out of 13 sub-adult females established territories

near their natal areas, two females established their terri-
tory inside RTR but ~20 km away from their natal area,
and one female dispersed outside the reserve (~90 km).
We observed that females either established their terri-
tory beside their mothers (n = 3) or occupied a part of
their mother’s territory and gradually pushed their
mother off (n = 5). One female that initially occupied her
mother’s territory by displacing her mother produced
her first litter in this territory, but subsequently shifted
her territory with her 12-month-old cubs (of her second
litter) ~10 km away from her natal territory. This shift
coincided with the takeover of her natal territory by a
new male tiger. Her natal territory was subsequently oc-
cupied by her daughter from her first litter.
The dispersing sex in tigers is known to be males [31].

Amongst RTR tigers, males did disperse larger distances
than females, but opportunities to disperse were restricted
in this landscape. Large dispersal distances travelled by tigers
(once out of RTR), and older age of dispersal reflects the dif-
ficulty a tiger faces in locating appropriate vacant habitat to
settle. The small reserve size combined with very little and
disjunct tiger habitat available outside the reserve system
within a hostile human-dominated habitat matrix restricted
dispersal. Males that managed to disperse and locate habitat
patches tried to settle there, but due to lack of female tigers
in these patches, were unable to breed. If areas of Kailadevi
Wildlife Sanctuary (part of RTR buffer), Kuno Wildlife

Sanctuary, Ramgarh Visdhari Wildlife Sanctuary and
Mukundara Hills Tiger Reserve (Fig. 1) are made free of hu-
man settlements through incentivised voluntary relocation
scheme (WPA 1972; 2006 amendment), these areas could
harbour breeding population of tigers. Simultaneously dis-
persal corridors between these tiger habitats and with core
of RTR need to be secured and restored to promote a meta-
population in this landscape. Initially, once these areas have
been appropriately restored and have sufficient prey base,
this tiger dispersal could be aided by translocating tigers.
Establishing and managing the tiger population in the larger
Ranthambhore landscape as a metapopulation [63] would
be desirable for long-term conservation.
Park authorities often intervene by treating injured ti-

gers in-situ or supplementing food resources for orphan/
sick cubs. These activities, although well intentioned, hin-
der the natural process of selection and the social dynam-
ics of the species [38, 64]. Such interventions also reduce
the genetic fitness of the population over time by ensuring
the survival of unfit individuals especially if sick animals
are treated, saved and allowed to breed [18]. Interfering
with the natural process may be necessary for highly en-
dangered populations where every living individual
counts. However, RTR is now a high tiger density area
[65], and therefore, management interference of health
care should be extremely selective, if any.

Conclusion
Our study did not find any evidence of detrimental ef-
fects resulting from a small population that could poten-
tially be inbred and there seems to be no current need
for genetic rescue [20] of RTR tigers. Currently RTR has
about 15 breeding units and adult female survival of
about 88%, these are bare minimal requirements to

Table 4 Comparison of demographic parameters of tigers from Ranthambhore Tiger Reserve with demographic parameters from
published studies

Sources Area (sub-species) Litter size Female age at 1st
reproduction

Inter-birth
intervals

Cub
survival
probability

Adult survival

(years) (months) Male Female

Sankhala 1978 [67] Zoo, India
(Panthera tigris tigris)

2.9 (n = 49) 3–6 years 24–36 NA NA

Smith & McDougal 1991 [30] Wild, Nepal
(P. T. tigris)

2.98 (n = 49) 3.4 years (n = 7) 21.6 (n = 7) 0.65 NA

Chundawat et al. 2002 [68] Wild, India
(P. t. tigris)

2.3 (n = 12) NA 21.6 (n = 14) NA NA

Kerley et al. 2003 [33],
Goodrich et al. 2008 [34]

Wild, Russia
(P. T. altaica)

2.4 (± 0.6)
(n = 16)

4 (± 0.4) years
(n = 4)

21.4 (± 4.4) (n = 7) 0.53–0.59 0.63 (±0.2) 0.81 (±0.1)

Singh et al. 2013 [32] Wild, India
(P. t. tigris)

2.9 (± 0.2)
(n = 18)

NA 25.2 (± 1.8) (n = 9) NA NA

Singh et al. 2013 [32] Wild, India
(P. t. tigris)

2.3 (±0.1)
2(n = 22)

NA 33.4 (± 3.7) (n = 7) NA NA

Present study Wild, India
(P. t. tigris)

2.24 (±0.14)
(n = 33)

4.54 (± 0.3) years
(n = 11)

29.6 (± 3.1)
(n = 14)

0.85 (±0.02) 0.84 (±0.02) 0.88 (±0.01)

NA not available
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ensure long-term persistence [66]. Managing the
Ranthambhore landscape by restoring habitat patches
and connectivity with RTR so as to promote a metapop-
ulation of tigers would enhance the potential of long-
term persistence of this last remaining semi-arid tiger
population in western India.
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s to be inferred from multiple, divergent character sets that indicate a low likelihood of allopatric populations
algamating upon secondary contact. A set of quantitative criteria for species delimitation has been developed
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sults: Here, we report a broad multi-trait comparison of the two insular subspecies of the Blue Chaffinch Fringilla
dea, endemic to the pine forests of Tenerife (ssp. teydea) and Gran Canaria (ssp. polatzeki) in the Canary Islands.
found that the two taxa were reciprocally monophyletic in their whole mitogenomes and two Z chromosome

rons. The genetic distance in mitogenomes indicates around 1 Mya of allopatric evolution. There were diagnostic
ferences in body morphometrics, song and plumage reflectance spectra, whose combined divergence score
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reover, we found a marked divergence in sperm lengths with little range overlap. Relatively long sperm with
intra- and intermale CV compared to other passerines suggest a mating system with high levels of sperm

mpetition (extrapair paternity) in these taxa.

nclusion: The large and diagnostic divergences in multiple functional traits qualify for species rank, i.e., Tenerife
e Chaffinch (Fringilla teydea) and Gran Canaria Blue Chaffinch (Fringilla polatzeki). We encourage a wider use
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kground
n two populations of the same species become
ially separated, they will start to diverge as a product
he combined processes of mutation, selection and
, and eventually become separate species [1–3].
allopatric evolution is thought to be the main path-
to the formation of new species [2, 4–7]. However,
e evolutionary divergence is a gradual process, it is
ationally difficult to define the actual threshold at
h two allopatric populations can be classified as
rate species. Moreover, there is no consensus about
criteria for delimiting species or the definition of
ies [8–10]. The controversies over species concepts
cally come down to the role of evolutionary history
us population processes, i.e., the criteria of mono-
y (phylogenetic species concepts, e.g., [11]) and
oductive incompatibility (the biological species
ept [12, 13]).
avian taxonomy there is a general consensus that
ies must have diagnostic characteristics and an
pendent evolutionary history [11, 14]. Those two
res are tightly linked, as diagnostic, heritable char-
rs take time to evolve. However, there is disagree-
t over the emphasis of reproductive incompatibility.
reas proponents of the phylogenetic species concept
e that it is irrelevant whether two independently
ving species will merge or remain distinct upon
ndary contact [11, 15] advocates of the biological
ies concept argue that reproductive incompatibility
he key criterion for species delimitation [14];
atric or parapatric populations that show diagnostic
rences but have not yet attained reproductive
mpatibility are better classified as subspecies within
lytypic species. On the other hand, Gill [16] recently
ed for a reversal of current taxonomic practice in
h “splitting” rather than “lumping” taxa should be the
hypothesis, and the burden of proof placed on “lump-
rather than on “splitting” taxa at the species level.
recent review on avian species-level taxonomy since
has shown a steady increase in the number of bird

ies, due to a trend towards splitting polytypic spe-
[17]. This trend is caused by an eclectic taxonomic
tice, in which multiple criteria for species delimita-
have been applied [17, 18]. The trend can also be
as a necessary correction to a taxonomic bias dur-

the first half of the 20th century, when the number
ecognized species was reduced by more than 50 %
to “default lumping” of taxa into polytypic species
out any critical assessment of their diagnosability,
ophyly or reproductive incompatibility [17, 19].
ce, it follows that many subspecies still retained in
ent classifications are ghosts of the past and should
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hile diagnosability and monophyly are relatively easy
ssess by phenotypic and genotypic traits, the assess-
t of reproductive incompatibility seems very challen-
for allopatric taxa [15], and must therefore be
red from divergences in characters that are sup-
d to be functionally important in reproduction. The
ria for deciding when two allopatric or parapatric
have attained enough reproductive incompatibility
ustify species rank have been outlined by Helbig
l. [14]. In principle, reproductive incompatibility is
as a hypothesis derived from comparative evidence,
re the magnitude of multiple character divergences
hes that of related species that coexist in sympatry,
therefore are undoubtedly reproductively incompat-
Tobias et al. [20] proposed a quantitative scoring
m for species assignment based on a set of pheno-
and behavioural traits derived from a data set of

-recognised sympatric or parapatric species pairs.
se traits likely play a role in habitat and niche adap-
ns, or in sexual attraction among mates, and can
be regarded as premating isolation mechanisms.
re we argue that reproductive incompatibility can
be inferred from traits that have a functional role
copulation, viz. sperm traits. Spermatozoa are ex-
ely diverse in size and form across the animal king-
[21] and are often divergent among closely related
ies [22]. Sperm morphology traits have therefore
ed useful for taxonomy and phylogenetic inference
any animal groups, including birds [23]. While there
generally marked structural differences in avian
matozoa among avian orders and families [24], re-
comparative studies on passerine birds have re-
d considerable variation in sperm length among
ed species [25, 26]. There is also evidence of sperm
th variation among geographically structured popu-
ns or subspecies [27–30], which suggests that sperm
th can be a useful taxonomic marker also for incipi-
species.
this paper, we report a comparative study of mul-
character divergences between the two island popu-
ns of the Blue Chaffinch Fringilla teydea, which are
ently ranked as subspecies [31–33]. The two taxa,
mic to the central islands of Tenerife (ssp. teydea)
Gran Canaria (ssp. polatzeki) in the Canarian archi-
go, are phenotypically distinct in male plumage [34],
ell as in morphometrics and vocalizations [35, 36].
cent study confirmed the statistical significance of
e measures and suggested lifting the taxa to species
[37]. There is also some evidence that the taxa are

rgent in mtDNA [38, 39] and nuclear microsatellites
. A timely question is therefore whether the two taxa
fully diagnosable in multiple genotypic and pheno-

traits to an extent that would merit species rank.
we present quantitative evidence in a broad array
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raits, including mitogenomes, nuclear introns, bio-
ics, male plumage colour, song and sperm morph-
y. We assess the magnitude of these divergences in
ion to divergences between undisputed sister spe-
following the current guidelines for species delimi-
n in avian taxonomy [14, 20].

hods
y species
Blue Chaffinch Fringilla teydea is a medium-sized
rge finch (~30 g), larger than the two other congen-
species, the Common Chaffinch F. coelebs and the
bling F. montifringilla. The distribution of the Blue

ffinch is restricted to the high-elevation (1200–
m) forests of Canary Pine Pinus canariensis on

erife and Gran Canaria [35]. Pine seeds constitute
staple food throughout the year [41, 42], but the diet
includes a significant proportion of arthropods [34,
Like most finches, F. teydea is sexually dimorphic in
and plumage, with males being larger and more
urful (leaden-blue) than females (olive-brown). The
island populations are taxonomically recognized as
pecies and show morphological differences predom-
tly in adult males [34]: 1) polatzeki is slightly duller,
e ashy-olive grey than teydea, 2) the black band on
lower forehead is considerably more pronounced in
tzeki, 3) the tips of median and greater coverts are
bluish-grey in teydea and distinctly broader and

rasting white in polatzeki, and 4) teydea is generally
r (bill, wing and body size) than polatzeki. Figure 1
cts the adult male of the two taxa.
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s of soft, disyllabic notes in polatzeki and a more
e-pitch series of harder, monosyllabic notes in tey-
The second phrase is a prolonged syllable in both
, but it is markedly softer or subdued in polatzeki,
more like a crescendo in teydea. These differences
otable in the sonograms in Fig. 1.
cording to the IUCN Red List, the total population
of F. teydea is 1800–4500 individuals, with the ma-
y on Tenerife (teydea) and only less than 250 birds
tzeki) left in the wild on Gran Canaria [43]. A more
nt survey estimated a population size of about 16
individuals on Tenerife [44]. The polatzeki popula-
has declined severely during the last century due to
tat loss from logging and fragmentation of the pine
st [34]. In 2007, a wildfire further destroyed much of
core habitat in the Inagua area, and the population
dropped to only 122 individuals the following year
. Although the species seems to cope well with wild-
of mild and moderate severity [46], access to high-
ity pine forest habitat in combination with stochastic
lation fluctuations seems to be a critical factor to
urvival of the small Gran Canaria population.

and sample collection
for analysis originate from museum specimens

mage coloration, American Museum of Natural
ory, New York), from measurements and sam-
(sperm and blood) of birds caught in the wild
erife) or in captivity (Gran Canaria; the wildlife
peration center in Tafira), and from song record-
of wild birds on both islands. The Gran Canaria

ive breeders were either wild-caught or the first
ration of wild-caught birds.

s of their territorial song. Photo courtesy: Eduardo Garcia-del-Rey
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e person (EGDR) measured their wing length
ightened and flattened chord, nearest 1 mm), tail
th (from base between the central pair of rectrices
he tip, nearest 1 mm), tarsus length (between ex-
e bending points, nearest 0.1 mm), bill length (from
l, nearest 0.1 mm), bill depth (at distal edge of
rils, nearest 0.1 mm) and body mass (0.1 g). Wing
th was measured with a stopped ruler, tail length
an unstopped ruler, tarsus and bill with a digital

per, and body mass with a Pesola 50 g balance. Since
year birds have significantly shorter wings and tail
older birds [47], we excluded first-year birds for the
yses of these characters. About 10–30 μL blood was
cted in a capillary tube after brachial venepuncture
stored in absolute ethanol for subsequent DNA ana-
in the lab. Ejaculate samples (1–3 μL) were col-
d in a capillary tube after cloacal massage, diluted in
0 μL phosphate-buffered saline and fixed in 300 μL
formaldehyde [48] for subsequent measurements of
m morphometrics in the microscopy lab.
ngs were recored from nine individual male teydea
hree locations on Tenerife (Vilaflor, La Guancha and
Lagunetas) and eight individual polatzeki on Gran
aria (Llanos de la Pez) during May 2015. All individ-
were in adult plumage. All recordings were made by
R using a Fostex recorder with a parabolic Telinga
ophone.

tic analyses
omic DNA was extracted using a commercial spin
mn kit (E.Z.N.A. DNA Kit; Omega Bio-Tek) or a
eMole® automated nucleic acid extraction instru-
t (Mole Genetics), following the manufacturers’
ocols.
itochondrial DNA was amplified from high molecu-
eight DNA extracts using two primer pairs: MtCor-
31F (GGATTAGATACCCCACTATGC) and mt
us9431R (GTCTACRAAGTGTCAGTATCA), and
orvus8031F (CCTGAWCCTGACCATGAACCTA)
mtCorvus926R (GAGGGTGACGGGCGGTATGTA)
ned for study on Ravens Corvus corax (JAA, AJ and
K, unpublished data). These two primer pairs yielded
licons of ~8900 bp (Amplicon 1) and ~9700 bp
plicon 2). Annealing sites and overlapping regions
illustrated in Fig. 2. The following PCR conditions

utilized for amplification: 1X reaction buffer,
μM of each dNTP, 0.5 μM of each primer, ~20 ng
late DNA, 0.02 U/μl Q5 High-Fidelity DNA poly-
ase (New England Biolabs) and dH2O to a final
me of 25 μl. The following thermal profiles were
loyed: Amplicon 1 – Initial denaturation 98 °C in
, 35 cycles with denaturation 98 °C for 10 s, annealing
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C for 20 s and elongation 72 °C for 7.5 min, and a
elongation step for 2 min. Amplicon 2 - Initial

form
Scie

______________________ WORLD TECHNO
Tturation 98 °C in 30 s, 5 cycles with denaturation
for 10 s following a touch-down profile starting at

C with 1 °C/cycle reduction, 30 cycles with denatur-
98 °C for 10 s, annealing 67 °C for 20 s and elong-
72 °C for 7.5 min, and a final elongation step for

n.
e complete PCR reactions were transferred to a
agarose gel and ran at 90 V. When completely sep-
d, the respective amplicons were cut from gel and
fied using the GenJet Gel Extraction Kit (Thermo-
er Scientific). Concentrations of the purified amplicons
measured on a Qbit instrument (ThermoFischer Sci-
ic) and equimolar amounts of each amplicon were
ed. Twenty ng of pooled amplicons where sheared
g a Covaris M220 Focused-ultrasonicator (Covaris,
, running the pre-programmed DNA shearing protocol
00 bp twice. To generate barcoded libraries for sequen-
, we employed the NEBNext library prep kit for Ion
ent (New England Biolabs) on the sheared amplicons,
g the IonXpress barcode adapter kit (ThermoFischer
tific). Barcoded libraries were pooled and size selected
–540 bp) using a Bluepippin instrument (Sage Science).
centration of the final library was measured on a Frag-
t Analyzer (Advanced Analytical) using the DNF-474
Sensitivity NGS Fragment Analysis kit. The sheared,
selected and barcoded amplicons were sequenced on
onPGM instrument (ThermoFischer Scientific). The
les were sequenced on two different 314 chips.
imming and removal of low quality reads were per-

ware pDRAW32 v.1.1.129
ed on the Torrent Suite ™ software (ThermoFisher
ntific). A Common Chaffinch mitochondrial genome
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Bank acc NC025599) was used as a reference in the
ent Suite ™ software for coverage estimates, using
plugin coverageAnalysis (v4.4.2.2). Mitochondrial
mes were reconstructed using MITObim v1.8 [49].
complete mitochondrial genome of Common

ffinch was used as reference in the initial map-
. Mitochondrial genes were first automatically
tated using MITOs [50], and thereafter manu-
inspected. Distance estimates were calculated in
A6 [51] using the Maximum Composite Likeli-

d model for nucleotides [52] and the Poisson
rection model for amino acids [53].
r a more quantitative test of possible admixture of
chondrial haplotypes between taxa, we sequenced
first part of the cytochrome oxidase subunit 1 (COI)
(655 bp) for 175 individuals; 14 polatzeki and 161

ea (see Additional file 1). We used the primer pair
erF1 and PasserR1 [54].
ght Z-chromosome introns (ALDOB-7, BRM-15,
Z-15, CHDZ-18, PTCH-6, VLDLR-7, VLDLR-8,
LR-12; [54]) were sequenced and screened for vari-
between the two taxa. Two loci (PTCH-6 and

LR-7) were found to have polymorphic sites and
sequenced for respectively 44 and 48 individuals
Additional file 1]. The primer sequences for all in-
s are given by Borge et al. [55].
r the COI marker and the eight Z-chromosome
ns, the PCR reaction volumes were 12.5 μL, con-
ng 0.5 mM dNTPs, 0.3 U Platinum Taq DNA
merase (Invitrogen), 1x buffer solution (20 mM
-HCl, 50 mM KCl; Invitrogen), 2.5 mM MgCl2,
M forward and reverse primer and 2 μL DNA ex-
. The reactions were carried out under the following
itions: 2 min at 94 °C, 35 cycles of [30 s at 94 °C,
at 50 °C (PTCH-6), 55 °C (COI) or 57 °C (VLDLR-
nd 45 s at 72 °C], and a final extension period of
in at 72 °C. Cycle-sequencing reactions were car-
out using the BigDye Terminator v3.1 Cycle Se-
cing Kit (Applied Biosystems), and the sequencing
ucts were run on an ABI Prism 3130xl Genetic
lyzer (Applied Biosystems). The COI fragment was
enced in both directions, whereas Z-introns were
sequenced with forward primers. Sequences were
fread in CodonCode Aligner v3.7.1 (CodonCode
oration) and aligned in MEGA5.1 [56].
vergences in mtDNA between the taxa were vi-
ized in haplotype networks using the PopArt
are [57]. All sequence data with their voucher

rmation and Genbank accession numbers are
n in Additional file 1.

age colour measurements
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measured spectral reflectance of adult male plumage
five patches, i.e., back, crown, upper breast, rump
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wing bar (median covert) on 15 specimens (10 tey-
5 polatzeki) at the American Museum of Natural
ory (for voucher information see Additional file 2).
rtunately, we were not able to measure the black
on the lower forehead because of poor feather

cture in the study skins. Spectral reflectance was
sured with an Ocean Optics USB2000 reflectance
trophotometer, a PX-2 pulsed xenon light source
an Optics, Dunedin, Florida) and a fiber-optic
e equipped with a ‘probe pointer’ to ensure mea-
ments were taken at a constant distance and angle
the specimen. The following settings were used

gration time = 20 msec, spectra average = 40 with a
tiple strobe setting. All measurements were cali-
ed against a Spectralon white standard (Labsphere,
th Sutton, New Hampshire) and a dark standard
light). Five measurements were taken from the
e spot on each plumage patch. The spectrometer
re-calibrated using the dark and white standards
every second plumage patch was measured (after

measurements).
w reflectance spectra were imported in five nano-
r (nm) bins between 300 and 700 nm using CLR:
ur Analysis Programs v1.05 [58], Brightness,
ma and hue colour variables [59] were calculated in
v1.05 using the formulae most appropriate for the
greyish-blue plumage of Blue Chaffinches [58].

se were B1 for brightness = R320–700), S5a for

ma = S5 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Br−Bg
� �2 þ By−Bb

� �2q
and H4a for hue =

n ([(By − Bb)/B1] / [(Br − Bg)/B1]). In both H4a and
b (blue) = 400–475 nm, g (green) = 475–550 nm, y
ow) = 550–625 nm, r (red) = 625–700 nm. We visu-
screened for outliers and mis-measurements by
paring the five reflectance curves taken for each
idual at each plumage patch using Excel (2010
rosoft Corporation). One mis-measurement was re-
ed from the dataset (AMNH-788194, F. t. teydea,
measure #2). Mean spectral reflectance curves and

ur variables were then calculated from the inde-
ent measures taken for each individual using JMP
AS Inc., Cary, NC).
inciple components analysis (PCA) was used to con-
e the reflectance spectra (81 measures between 300
700 nm) into two principle components (PCs). PC1
ained the majority of the variation in all five plum-
patches (percent variation: 86–92 %; eigenvalue: 70–
PC2 explained only a small fraction of the variation
e five plumage patches (percent variation: 6–8.5 %;
nvalue: 4.8–6.8). We used two-tailed t-tests assum-
equal variances to test for differences in brightness,
ma, hue and reflectance PCs of male plumage be-

n teydea and polatzeki. All statistics were performed
P 11 (SAS Inc., Cary, NC).

LOGIES_________________________



Song
Song
rflac
uals
visu
high
lead
sam
cien
male
chos
was
as f
max
able
dere
was
thre
traje
with
peat
desc
Ne

tion
algo
featu
to b
this
the c
sylla
of sy
of s
leng
nia’s
a la
Com
latio
A

norm
othe
follo
tal F
8.85
valu
Com
exce
(see
was
Tim
0.2
weig
inter
tion
sylla

Th
tw
atr
ati
sin
ng
rm
Fir
ng
ati
ed
lho
r n
Ne
d
pu
in
sta
o

he

B,
lcu

dA

SA
ng
, r
ssi
d
ely
ic
n
he
Lo
ve
qu
n
ne
ffe
ee
vel
ly
ve
m
m
ren
ns matched those found between other Common
a

er

156 Zoology: A Comprehensive Approach

___
W

analyses
s were analyzed using Luscinia (https://github.com/
hlan/Luscinia/). First, the repertoire size of individ-
(within the sample recorded) was determined by

al inspection of spectrograms. Song types were
ly stereotypic within an individual’s repertoire,
ing us to have confidence in this method (note: the
ple size of songs recorded per male was not suffi-
t to have confidence that all song types in each
’s repertoire had been recorded). An exemplar was
en for each song-type in each male’s repertoire, and
measured using Luscinia. Spectrogram settings were
ollows: frame length – 5 ms; time step 1 ms;
imum frequency – 10 kHz; dynamic range – vari-
between 40–50 dB depending on recording quality;
verberation parameter – 100 %. A high-pass filter
applied before spectrograms were created with a
shold of 1.0 kHz. Measurement involved identifying
ctories of acoustic parameters for each element
in the song, and classification of elements into re-
ed syllables and phrases. These methods have been
ribed in previous studies, e.g., [60].
xt, songs were compared using Luscinia’s implementa-
of the dynamic time warping algorithm (DTW). This
rithm searches for an optimal alignment of acoustic
res between syllables, and then allows pairs of syllables
e compared by measuring Euclidean distances along
alignment. The DTW method takes into account all of
onsiderable and variable frequency modulation within
bles and in so doing allows a more holistic comparison
llable structure than methods based on a small number
tructural parameters (maximum frequency, syllable
th, etc.). Of particular relevance for this study, Lusci-
DTW implementation has been successfully applied to
rge dataset of songs recorded from the congeneric
mon Chaffinch in which detailed descriptions of popu-
n divergence were found [60].
key step in carrying out the DTW comparison is to
alize the various acoustic features relative to each
r. In this analysis, the parameter weightings were as
ws. Weighting of parameters: Time: 10; Fundamen-
requency: 2.755; Fundamental Frequency Change:
0; Vibrato Amplitude: 0.338; all others: 0. These
es are the inverse of standard deviations across the
mon Chaffinch database for the chosen parameters
pt for time, which is normalized in a different way
[60] for further explanation). Compression factor
set to 0.2 (with a minimum element length of 10),
e SD was set to 1, a syllable repetition weighting of
was applied, and a maximum warp of 100 %. The
ht by relative amplitude, log transform frequencies,
polate in time warping, and dynamic warping op-
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e DTW algorithm generated a dissimilarity matrix
een syllables that was converted to dissimilarity
ices between songs (using the DTW method of inte-
ng syllable dissimilarities) and between individuals
g the option of finding the best match between
s within individual repertoires). These dissimilarities
ed the basis of further analysis.
st, we carried out a UPGMA clustering analysis of
s and individuals from the two Blue Chaffinch pop-
ons. We also clustered songs using the PAM k-
oid clustering algorithm and calculated the Global
uette Index for each k value as a way of searching
atural clusters in the data.
xt, we quantified divergence between populations.
o this we first calculated the spatial median of each
lation (based on an NMDS ordination of the data,
g 20 dimensions). We then measured the acoustic
nce between each song or individual data point to
wn population’s spatial median, as well as that of
r populations. To quantify a measure of divergence,
between the two populations, A and B, we then
lated:

B ¼

X
i¼1

nA

di;SB−di;SA

nA
þ

X
i¼1

nB

dj;SA−di;SB

nB
and SB are the spatial medians of individuals or

s for populations A and B (with sample sizes nA and
espectively), and diSA and diSB represent the acoustic
milarity between a data point (individual or song) i
the spatial median for population A and B, respect-
. The metric therefore quantifies the degree to
h songs were closer to the spatial median of their
population rather than to the spatial median of the
r population.
cal populations with no genetic differentiation may
rtheless be differentiated in song structure as a con-
ence of cultural divergence. Because cultural evolu-
is believed to occur at a much faster rate than
tic evolution, populations may become culturally
rentiated in the face of high levels of gene flow be-
n populations. It is important therefore to interpret
s of divergence in the context of how other genetic-
differentiated and undifferentiated populations have
rged. In this case, we used a large-scale analysis of
mon Chaffinch, previously compared using the
e DTW methods [60] and analyzed whether the dif-
ces seen between the two Blue Chaffinch popula-
ffinch populations.

m morphometrics

all aliquot of approximately 15 μl of the formalde-
/sperm solution was applied onto a microscope

LOGIES_________________________
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and allowed to air-dry before inspection, digital im-
g and measurement under light microscopy. We
digital images of spermatozoa at magnifications of
or 400×, using a Leica DFC420 camera mounted
Leica DM6000 B digital light microscope. The mor-
etric measurements were conducted using Leica

lication Suite (version 2.6.0 R1). We measured the
th of head (i.e., acrosome and nucleus), the midpiece
the tail (i.e., the midpiece-free end of the flagellum)
en intact spermatozoa per male, except for three
s with very few measureable sperm (one teydea with
erm, and two polatzeki with 2 and 1 sperm, respect-
). Total sperm length was calculated as the sum of
, midpiece and tail length. We have previously
n that sperm length measurements have very low
surement error and high repeatability [61, 62]. In
study, sperm were measured by two different per-
(TL and ES) who differed consistently in the way
measured sperm components, but were in close

ement over the measure of total sperm length (i.e.,
sum of components). We therefore used their com-
d measurements for sperm total length, but only the
surements from one of them (TL) for the analyses of
ponent lengths. Standardized values of intra- and in-
ale variation in sperm total length was expressed as
coefficient of variation (CV = SD/mean × 100). The
male variation in mean sperm length (CVbm) is
tively correlated with the frequency of extrapair pa-
ity across passerine birds [26] and is thus an indica-
f the level of sperm competition. For this measure
applied a correction factor for variation in sample
(N), viz. CV = SD/mean × 100 × (1+ 1/4 N), as rec-
ended by Sokal and Rohlf [63].

ation of phenotypic divergence
quantitative estimation of phenotypic divergence was
essed by Cohen’s d [64] as recommended by Tobias
. [20]. We also adapted the taxonomic scoring system
osed by Tobias et al. [20] for the relevant subset of rec-
ended characters. It includes two biometric variables
largest positive and the largest negative divergence),
acoustic variables (strongest temporal and spectral
acter divergences), and the three strongest plumage
acters. Effect sizes were transferred to a taxonomic
e of 0–4; e.g., Cohen’s d in the range of 0.2–2 gives a
e of 1, d in the range of 2–5 gives a score of 2, d in the
e 5–10 gives a score of 3, and d >10 equals a score of
cores are then summed for all variables, and a total
e of 7 or above qualifies for species status.

lts
tic divergences
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ed 706,008 and 743,375 reads, respectively. In total,
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% of reads filtered as polyclonals and 15.9 % as low
ity reads. Sample-specific information regarding
number of reads, mapped reads, coverage and uni-
ity is provided in Table 1.
e mitogenomes contained 16784-16786 nucleotides.
e annotation analyses revealed 13 protein coding
s, 2 rRNAs and 22 tRNAs. The gene arrangement
wed the standard avian mitochondrial genome [65].
e found altogether 12 haplotypes among the 25 se-
ced birds; nine among the 21 teydea and three
ng the 4 polatzeki. The haplotypes clustered in two
nct groups corresponding to the two taxa, as shown
median-joining haplotype network (Fig. 3) with the
genome of a Common Chaffinch included as an
roup. The mean substitution rate averaged 2.3 % for
entire mitogenome (Table 2). The table also shows
divergence for each gene region for nucleotides and
o acids, respectively.
test for the possible introgression of mitochondrial

otypes, we sequenced a larger number of presum-
unrelated individuals of the two taxa for the stand-
DNA barcode region, i.e., the first part of the COI
[66]. We found four haplotypes among 161 teydea
two haplotypes among 14 polatzeki. As with the full
genomes, the COI sequences clustered perfectly
two groups concordant with the two taxa (Fig. 4).
ce, there was no evidence of mitochondrial mis-
h in this large sample. We are therefore confident
the two taxa are reciprocally monophyletic in their
NA.
e also found evidence of reciprocal monophyly in
Z-chromosome introns, PTCH-6 (559 bp) and
LR-7 (586 bp). There was one fixed point mutation
TCH-6 between 24 polatzeki and 20 teydea se-
ces, and two fixed point mutations in VLDLR-7 be-
n 26 polatzeki and 22 teydea sequences (Table 3).
three were G – A transitions. There were no other
morphic sites in these two introns, or in any of the
ther Z-linked introns sequenced from the two sub-
ies (see Additional file 1).

etrics
e both subspecies are sexually size dimorphic in
ts, we analysed the biometric measurements separ-
for each sex (Table 4). The nominate subspecies
significantly larger than polatzeki for all traits in
sexes, except for female tarsus length (Table 3).
difference was especially large for wing length and
length, for which Cohen’s d > 2 in both sexes
le 4). A principal component analysis based on wing
th, tail length and bill length clustered adult males
o distinct groups corresponding to the two subspe-

(Fig. 5a, Table 5). For females, a similar tendency
found, though with some overlap (Fig. 5b, Table 4).

LOGIES_________________________



WT
Fig. 3 A median-joining haplotype network of the mitogenomes of ssp. teydea (blue, N = 21) and ssp. polatzeki (red, N = 4) of the Blue Chaffinch
Fringilla teydea, and the sister species Common Chaffinch Fringilla coelebs (yellow, N = 1). Numbers indicate mutation steps between haplotypes
(single mutation steps not indicated). Specimen information and their respective GenBank accession numbers are available in Additional file 1

Table 1 Sequence read quality of the assembled mitogenomes of the teydea (N = 21) and polatzeki (N = 4) Blue Chaffinches

Taxon NHMO Acc.no Total reads Mapped reads Percent mapped Mean coverage Uniformity

teydea 27311 91589 82591 90 % 1346.0 83 %

teydea 27312 51724 38844 75 % 609.9 86 %

teydea 27314 14274 11660 82 % 185.3 63 %

teydea 36318 27983 25761 92 % 393.0 93 %

teydea 36336 4707 3530 75 % 53.68 89 %

teydea 36401 40339 38577 96 % 602.5 91 %

teydea 36403 26512 25730 97 % 393.6 92 %

teydea 36416 20220 19513 97 % 303.3 88 %

teydea 36439 16040 15522 97 % 243.8 90 %

teydea 36450 5257 4832 92 % 75.4 61 %

teydea 68704 29785 27615 93 % 251.4 93 %

teydea 68711 39708 36436 92 % 334.0 95 %

teydea 68716 33980 32278 95 % 302.1 96 %

teydea 68718 29386 26132 89 % 236.9 95 %

teydea 68720 30963 29409 95 % 265.1 95 %

teydea 68724 16511 15403 93 % 140.1 95 %

teydea 68726 19251 15951 83 % 144.4 90 %

teydea 68730 16774 15973 95 % 147.4 93 %

teydea 68737 6786 6460 95 % 59.63 95 %

teydea 68738 5002 4628 93 % 43.02 91 %

teydea 68739 5894 5637 96 % 52.28 94 %

polatzeki 30994 20982 19927 95 % 318.7 76 %

polatzeki 30997 20428 18435 90 % 287.0 92 %

polatzeki 30998 16961 13898 82 % 218.9 90 %

polatzeki 31001 11589 10507 91 % 167.9 89 %
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Table 2 Estimates of sequence divergence across the mitogenomes between teydea (N = 21) and polatzeki (N = 4) Blue Chaffinches

Nucleotides Amino acids

Genes Sequence Divergence (%) Sequence Divergence (%)

12S 975 0.619 ± 0.254 - -

16S 1598 0.695 ± 0.194 - -

NAD1 973 2.530 ± 0.813 324 0.933 ± 0.475

NAD2 1038 2.725 ± 0.467 346 1.752 ± 0.711

COI 1548 1.968 ± 0.552 516 0.134 ± 0.097

COII 675 2.813 ± 0.814 225 0.893 ± 0.647

ATP8 168 3.776 ± 1.673 55 3.707 ± 2.547

ATP6 680 2.754 ± 0.609 226 0.443 ± 0.378

COIII 784 2.221 ± 0.829 261 1.046 ± 0.592

NAD3 342 3.194 ± 0.994 114 2.032 ± 1.226

NAD4I 290 2.125 ± 0.782 96 1.047 ± 1.006

NAD4 1369 1.955 ± 0.747 456 0.251 ± 0.024

NAD5 1816 3.155 ± 1.075 605 2.172 ± 0.656

Cyt b 1144 2.147 ± 0.602 380 1.058 ± 0.551

NAD6 518 3.427 ± 0.939 171 1.051 ± 0.737

CR 1311 2.944 ± 0.715 - -

Whole mitogenome 16788 2.309 ± 0.716 - -

Synonymous substitutionsa 3523 8.072 ± 0.522

Nonsynonymous substitutionsa 3523 0.950 ± 0.133
aNAD6 excluded
Divergences (mean ± SE) were calculated as the percentage of substitutions per site (nucleotide
taxa. All ambiguous positions were excluded for each sequence pair. SE of the mean was calcul

Fig. 4 A median-joining haplotype network of the 655 bp COI
sequences (i.e., the barcode marker) of ssp. teydea (blue, N = 161) and
ssp. polatzeki (red, N = 14) of the Blue Chaffinch Fringilla teydea, and
the sister species Common Chaffinch Fringilla coelebs (yellow, N = 1).
Numbers indicate mutation steps between haplotypes (single mutation
steps not indicated). Specimen information and their respective
GenBank accession numbers are available In Additional file 1
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Tcan therefore conclude that among adult males, the
subspecies have diagnostic, non-overlapping body-
distributions.

age
res of study skins from AMNH are shown in Fig. 6,
average reflectance spectra for the five body parts are
n in Fig. 7. For three of the body parts (crown, back
rump), teydea males had significantly higher bright-
and PC1 scores (which to a large extent reflects
tness) than polatzeki males (Table 6). In contrast, the
bar of the median coverts was significantly brighter
showed a higher chroma in polatzeki males than in
ea males. The effect on our estimate of chroma was
to a steeper slope in the UV/blue parts of the

or amino acid) from averaging over all individual pair combinations between
ated by a bootstrap procedure with 100 replicates
trum for polatzeki males (Fig. 7). There was no differ-
in the reflectance of the upper breast. In summary,

e 3 Fixed nucleotide substitutions between teydea and
zeki Blue Chaffinches in two Z-chromosome introns

VLDLR-7 PTCH-6

N Pos. 148 Pos. 305 N Pos. 464

a 22 G G 20 A

eki 26 A A 24 G

LOGIES_________________________
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Table 4 Sex-specific morphological divergences between the teydea and polatzeki Blue Chaffinches

Sex Trait teydea (Tenerife) polatzeki (Gran Canaria) Test of difference between means Effect size Cohen’s d

Males Wing length (mm) 102.8 ± 2.1 (118) 96.8 ± 0.7 (16) t132 = 11.00, P < 0.001 2.95

Tail length (mm) 83.9 ± 1.9 (58) 78.2 ± 1.7 (15) t71 = 10.54, P < 0.001 3.09

Bill length (mm) 20.37 ± 1.09 (83) 16.76 ± 0.97 (22) t103 = 14.16, P < 0.001 3.43

Bill depth (mm) 10.48 ± 0.37 (83) 10.18 ± 0.28 (22) t103 = 3.54, P < 0.001 0.86

Tarsus length (mm) 26.31 ± 0.75 (83) 25.87 ± 0.30 (22) t103 = 2.69, P < 0.01 0.65

Body mass (g) 32.24 ± 1.70 (109) 28.33 ± 1.06 (22) t129 = 10.71, P < 0.001 2.52

Females Wing length (mm) 93.5 ± 2.0 (87) 89.2 ± 1.2 (16) t101 = 8.18, P < 0.001 2.25

Tail length (mm) 75.9 ± 2.0 (42) 72.8 ± 1.4 (15) t55 = 5.64, P < 0.001 1.73

Bill length (mm) 20.43 ± 1.30 (61) 16.88 ± 0.82 (16) t75 = 10.39, P < 0.001 2.96

Bill depth (mm) 10.30 ± 0.37 (61) 9.94 ± 0.27 (16) t75 = 3.63, P < 0.001 1.03

Tarsus length (mm) 25.82 ± 0.79 (61) 25.51 ± 0.40 (17) t76 = 1.65, P = 0.102 0.46

Mean ne
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W
eamales display a brighter blue plumage in most body
s, whereas polatzeki display lighter wing bars.

male territorial song is about a 2 s long strophe in
taxa, which consists of a first section with one or
descending phrases of soft, disyllabic syllables in
tzeki and a more constant-pitch series of harder,
osyllabic syllables in teydea. The second section of
song consists of unrepeated syllables (or syllables
repeated once) with a buzzy, ‘vibrato’ characteristic.
y are markedly softer or subdued in polatzeki, and
e like a crescendo in teydea. These differences are
ble in the sonograms in Fig. 1.
hen we clustered songs (Fig. 8a) and individual rep-
ires (Fig. 8b) using the UPGMA algorithm, the two
lations were clearly separated with no exceptions in
r case. Similarly, k-medoid clusterings with songs
individuals classified both according to their popula-
with 100 % accuracy with k = 2. Notably, both types
nalysis represented unsupervised clustering analyses
e data (unlike, e.g., DFA), suggesting a clear diver-
e between the two populations. Furthermore, the
al Silhouette Index for songs (the only data set with
cient sample size) showed a clear peak with k = 2
9), suggesting that a natural partition of the data
as into two clusters.
e divergence score between polatzeki and teydea
larger than that found between any pair of Common
ffinch populations (Table 7). The Blue Chaffinch
lations both had lower divergence scores with at
one Common Chaffinch population than they did
each other (Table 7).
ese results demonstrate that Blue Chaffinch songs
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Body mass (g) 28.8 ± 1.5 (83) 27.1 ± 1. 4 (17)

values are given with their ± SD (N). Statistical tests are two-sample t-tests with u
diverged considerably between polatzeki and tey-
This can be illustrated in a Neighbor-Joining

We
prop

______________________ WORLD TECHNO
T
ogram of all the populations included in the above
yses, based on inter-population differences in song
ture (Fig. 10). This analysis successfully recon-
ted much of the known topology of the relation-
s between these populations [60], suggesting a high
ogenetic signal for song structure. The only un-
lly placed population is Madeira (ssp. maderensis),
h might have been predicted to be found in the
rean – Canarian clade. In this phylogeny, the Blue
ffinches connect near the root of the Atlantic Island
European Common Chaffinch populations. More-
, and strikingly, the two Blue Chaffinch populations
substantial differentiation from one another.

m
matozoa were significantly longer in polatzeki than
ea males (Fig. 11, Table 8), i.e., opposite to the con-
seen in body size dimensions. The difference was

tly explained by the length of the midpiece, which
e up about 88 % of the sperm total length in both
(Table 8). Sperm heads were also significantly lon-
in polatzeki than in teydea. The variation in sperm
length within males, as expressed by the CVwm

x, was exceptionally low in both taxa; i.e., close to
(Table 8). Likewise, the variation among males in
n sperm total length (CVbm) was low in both taxa,
variances did not differ significantly between them
le 8). The low CVbm values indicate a relatively high
of sperm competition, and yield estimates of 39 %
44 % extrapair young in broods of teydea and polat-
respectively, using the linear regression equation

n in Lifjeld et al. [26] for passerine species.

nomic scoring

t98 = 4.38, P < 0.001 1.18

qual variances
adopted the standardized taxonomic scoring system
osed by Tobias et al. [20] for species delimitation,

LOGIES_________________________
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Fig. 5 Principal component analyses of the body size divergence
between ssp. teydea and ssp. polatzeki of the Blue Chaffinch Fringilla
teydea. The analyses included wing length, tail length and bill length
in (a) adult males (N = 73) and (b) adult females (N = 56). For
statistics, see Table 5.

Table 5 Factor loadings of three body size variables on the first two prin
male and b) female teydea and polatzeki Blue Chaffinches, and their eigen

Variable Males

PC1 PC2

Wing length 0.616 −0.189

Tail length 0.582 −0,544

Bill length 0.530 0.817

Eigenvalue 2.285 0.520

Variance explained 76.2 % 17.3 %

Test of difference between taxa F1,71 = 298.04, P < 0.001 F1,71 = 0.17,

Fig. 6 Plumage differences between the two taxa of Blue
Chaffinches; (a) lateral view of five polatzeki (left) and eight teydea
(right), (b) dorsal view of the same birds, (c) abdominal view of two
polatzeki (left) and two teydea (right) specimens. Note the brighter
wing bars, smaller body size and more whitish belly in polatzeki. The
specimens were photographed in the collection of American
Mu
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_________________________ WORLD TECHNO
the scores are given in Table 9. For biometrics, the
ing system only allows for the largest increase and
strongest decrease among multiple variables, but
e teydea is the larger in all characters, we could only
t one. The largest effect size was estimated for bill

seum of Natural History, New York [see Additional file 2]
th of males (Table 4), which scores as a medium di-
ence (score = 2). For scoring the acoustics, we used

cipal components in Principal Component Analyses of a)
values, percentage of variance explained, and F-statistics

Females

PC1 PC2

0.636 −0.286

0.626 −0.351

0.451 0.892

2.076 0.727

69.2 % 24.2 %

P = 0.68 F1,54 = 82.13, P < 0.001 F1,54 = 6.58, P = 0.013

LOGIES_________________________
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quantitative measurements of temporal and spectral
bles presented in Sangster et al. [37]; Table 4. The
le pitch in the first phrase of the teydea song versus
gradually decreasing pitch in polatzeki qualifies for a
e of 3, whereas the increased amplitude of phrase 2
cendo) in teydea and reduced amplitude in
tzeki, gives a score of 2 (Table 9). We scored two
nostic plumage traits, i.e., male body plumage col-
tion and male wing bars, as medium divergence.
male teydea has a brighter plumage, which gives a
e bluish impression than the more greyish male
tzeki. The two wing bars formed by the tips of the
ian and greater coverts are white and sharply edged
e male polatzeki, resembling the conspicuous wing

co
th
te
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th
by

D
M
in
di
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he
G

. 7 Average reflectance (+ SE) from five plumage regions (a: crown, b: back, c:
male polatzeki (red lines, N= 5) skins in the AMNH collection [Additional file 2]
in the Common Chaffinch, whereas in the male tey-
the wing bars are light bluish-grey with much less

trait
form

______________________ WORLD TECHNO
rast. The black band on the lower forehead is
er and more distinct in male polatzeki than in male
ea, and was scored as minor divergence (score 1;
e 9). The total score obtained was 11, which is above
threshold of 7 for species assignment recommended
obias et al. [20].

ussion
ern taxonomy emphasizes an integrative approach
ecies delimitation, which means that multiple trait
rgences should be assessed in a comparative frame-
[67–69]. This is the approach we have followed

. The Blue Chaffinches on Tenerife (teydea) and
Canaria (polatzeki) are clearly divergent in multiple

p, d: upper breast, e: wing bar) of male teydea (blue lines, N= 10)
ectra were averaged for five scans of each plumage region
s. The distinct differences in male plumage and size
ed the basis for their original description as two

LOGIES_________________________
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Table 6 Plumage colour differences between polatzeki (N = 5) and teydea (N = 10) Blue Chaffinches

Plumage patch Colour variable teydea polatzeki Test of difference between means Effect size (Cohens d)

Back Brightness 2.424 ± 0.190 2.082 ± 0.176 t13 = 3.36, P = 0.005 1.98

Chroma 0.093 ± 0.010 0.091 ± 0.002 t13 = 0.45, P = 0.66 0.26

Hue −1.045 ± 0.321 −1.103 ± 0.481 t13 = 0.28, P = 0.78 0.17

PC1 1.992 ± 3.468 −3.985 ± 3.170 t13 = 3.23, P = 0.007 1.90

PC2 −0.169 ± 1.426 0.338 ± 0.221 t13 = −0.78, P = 0.45 −0.46

Crown Brightness 2.248 ± 0.159 2.056 ± 0.078 t13 = 2.50, P = 0.026 1.48

Chroma 0.085 ± 0.015 0.076 ± 0.002 t13 = 1.31, P = 0.21 0.77

Hue −0.555 ± 0.250 −0.681 ± 0.191 t13 = 0.98, P = 0.34 0.58

PC1 1.574 ± 4.249 −3.149 ± 2.088 t13 = 2.32, P = 0.037 1.36

PC2 −0.279 ± 1.595 0.559 ± 0.853 t13 = -1.09, P = 0.30 −0.64

Rump Brightness 2.358 ± 0.152 2.147 ± 0.112 t13 = 2.72, P = 0.018 1.61

Chroma 0.095 ± 0.009 0.102 ± 0.008 t13 = −1.46, P = 0.17 −0.86

Hue −0.949 ± 0.691 −0.674 ± 1.154 t13 = −0.58, P = 0.57 −0.34

PC1 1.691 ± 3.993 −3.382 ± 3.043 t13 = 2.49, P = 0.027 1.46

PC2 0.420 ± 1.246 −0.839 ± 0.649 t13 = 2.09, P = 0.056 1.23

Upper breast Brightness 2.896 ± 0.208 2.816 ± 0.201 t13 = 0.71, P = 0.49 0.42

Chroma 0.143 ± 0.018 0.154 ± 0.011 t13 = −1.22, P = 0.25 −0.73

Hue −0.033 ± 1.223 1.136 ± 0.513 t13 = −2.02, P = 0.064 −1.19

PC1 0.493 ± 4.429 −0.985 ± 4.149 t13 = 0.62, P = 0.55 0.37

PC2 0.365 ± 1.308 −0.730 ± 1.130 t13 = 1.59, P = 0.14 0.94

Wing bar (median covert) Brightness 2.962 ± 0.229 3.898 ± 0.334 t13 = −6.43, P < 0.001 3.78

Chroma 0.193 ± 0.025 0.309 ± 0.035 t13 = −7.52, P < 0.001 4.38

Hue 1.284 ± 0.069 1.268 ± 0.014 t13 = 0.51, P = 0.62 0.30

PC1 −2.604 ± 1.995 5.209 ± 2.874 t13 = −6.20, P < 0.001 −3.65

.06
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rate taxa more than hundred years ago [70]; see also
. Here we have analysed these characters more quan-
ively and show that males are diagnostically different
lour reflectance curves in multiple plumage charac-
and in body size dimensions. We have also shown
the two Blue Chaffinch taxa are reciprocally mono-
etic in mitochondrial and nuclear DNA, and are
rgent in sexual traits, like song and sperm, that are
umably important traits in mate choice and
lization success.
a recent paper, Sangster et al. [37] indicated a quali-
ely similar divergence in male plumage characters
documented non-overlapping body size distributions
ult males, using a similar PCA approach as we have
ented here. They also analysed song and calls, and
d strong divergences between the two taxa. More-
, they showed in a playback experiment that polat-
males responded more aggressively to polatzeki
s than to teydea songs. Our two studies are there-
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PC2 0.170 ± 1.229 −0.340 ± 1
congruent in demonstrating multiple character di-
ences in the two taxa. When we employed the

pred
in th

______________________ WORLD TECHNO
titative scoring system for multiple phenotypic
acters proposed by Tobias et al. [20], which specific-
consider effect sizes in biometrics, plumage and vo-
ations, we found that the divergence score (=11) for
ea and polatzeki exceeded the threshold (= 7) set for
pecies level.
e quantitative scoring system proposed by Tobias
l. [20] is designed to infer a meaningful assessment
productive isolation for allopatric taxa, which can-
be tested directly. This is a key criterion under the
gical species concept. Species are seen as hypoth-
in which divergences are tested against a reference
rial drawn from a number of sympatric or indisput-
good sister species. The system is a helpful guide,
it also has some shortcomings. First of all, it does
include genetic divergences, which are essential for
velling a species’ evolutionary history and unique-
. Second, the emphasis of biometry, plumage and
lization may not always be sufficient or relevant to

5 t13 = 0.79, P = 0.45 0.46
ict reproductive isolation, and their relative weights
e scoring system may seem somewhat subjective. In

LOGIES_________________________
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Fig. 8 Dendrograms of (a) songs and (b) individual repertoires from Blue Chaffinch populations in Gran Canaria (polatzeki) and Tenerife (teydea).
The a
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following we therefore discuss these aspects in more
il for the case of the Blue Chaffinch.
e multiple trait divergences observed between the
island populations of the Blue Chaffinch are the
lts of a long history of allopatric evolution. Their
genomes show an overall genetic distance of
% with some variation among the various genes
le 2). Previously, Suarez et al. [39] reported a
tic distance of 2.3 % for the cytochrome b gene
een teydea and polatzeki, which is similar to our
e for the same gene (Table 2). In birds, mitochon-
l genes seem to evolve in a clock-like manner,
around a 2 % sequence divergence per million

s as estimated for the cyt b gene across multiple
n orders and with multiple calibration points over
past 12 million years [71]. Accordingly, the two

fa
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dendrograms were calculated using the UPGMA clustering algorithm from
lations may have evolved independently for as
as one million years. Our COI sequencing of a

ther
for s

______________________ WORLD TECHNO
y high number of individuals revealed no cases of
gression. Hence, their mitogenomes seem to be
pletely sorted and there is no evidence of recent
ast gene flow between the two populations. It
t be noted that mitochondrial DNA is inherited
through the maternal line, so the lack of mito-
drial gene flow suggest no female dispersal.
ever, we also found fixed mutations in nuclear
, i.e., two Z-chromosome introns (Table 2),
h suggests that there are two distinct nuclear
pools with no evidence of gene flow in either
Nuclear genes generally sort more slowly and
longer coalescence times [72]. Six other Z-

mosome introns showed no sequence divergence
should be considered incomplete lineage sorting.
have also shown in a previous study [40] that

dissimilarity matrix generated by a DTW analysis
e are significant differences in allele size ranges
everal microsatellite DNA markers.

LOGIES_________________________
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W
en though species limits cannot be inferred directly
sequence divergence in mtDNA, it is interesting to
that there are many avian sister species with shorter
tic distances than what we see among the two
pecies of the Blue Chaffinch. A survey of the DNA
ode database BOLD [73] reveals that even within
same family (Fringillidae), there are sister species
a divergence less than 2 % in the genera Carduelis,
us, Acanthis, Pyrrhula and Loxia [74, 75]. Some of
, e.g., Acanthis and Loxia, are not even monophy-
, and their species taxonomy may be doubtful [76],
others are undisputedly good species.
any subspecies on oceanic islands are distinct evolu-
ary units [77] and should undergo taxonomic revi-

am
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ater clustering tendency. The GSI tends to produce higher values with sma
simulated data-sets. The peak with k = 2 corresponds to the division of so
. In the Canary Islands, the Blue Chaffinch is not
ue in showing strong evolutionary divergence
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e 7 Estimates of pairwise population divergence in song
ture between populations of Common Chaffinches and
Chaffinches

lation A Population B Divergence

- Montseny North Europe - Holland 0.0770

- Montseny Britain - Hampshire 0.0642

s - Faial Azores - São Miguel 0.0096

- Montseny Azores - Faial 0.0960

- Montseny Common Chaffinch - Gran
Canaria

0.1126

Chaffinch - Tenerife Blue Chaffinch - Gran Canaria 0.1440

Chaffinch - Tenerife Azores - Faial 0.1250

Chaffinch - Gran
ia

Iberia - Montseny 0.0652

ivergence score represents the degree to which songs were closer to
wn population’s spatial median than to that of the other population.
ble illustrates that the two Blue Chaffinch populations were more
ent than any other pair of populations

Fig
rela
pop
pop

______________________ WORLD TECHNO
T
ng islands. There is a lot of endemism in the fauna
flora of Canary Islands [78], and among birds there
several distinct island-specific taxa with subspecies
s. In particular, several forest-dwelling passerines
distinct differentiation between the islands of

erife and Gran Canaria as for example the Afrocanar-
Blue Tit Cyanistes teneriffae [79, 80], the Common
ffinch [39] and the European Robin Erithacus rube-
[81]. Their genetic distances (cytochrome b) between
erife and Gran Canaria populations range from 1.0 %
ommon Chaffinch [39] to 3.7 % in the European
in [81]. These taxa should undergo further taxonomic
ssment with respect to their species limits.
e habitat of the Blue Chaffinch is the forest of the
ary Pine, and pine seeds constitute a major food re-
ce [41, 42]. The pine forest on Tenerife has not been
xtensively logged as the one on Gran Canaria, and
ains in general more older and larger trees, with lar-

r values of k, so we corrected the GSI by comparing its output
s between polatzeki and teydea
cones and seeds than the reduced and mostly
nted forest in Gran Canaria [34]. The larger bill and

. 10 Neighbor-Joining Phylogram showing evolutionary
tionships between Common Chaffinch and Blue Chaffinch
ulations on the basis of song structure. For Common Chaffinch
ulations, only island/region is indicated
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Wsize in teydea in Tenerife than in polatzeki on Gran
aria, therefore possibly reflect adaptations to differ-
environments. It is an interesting parallel to the dif-
tiation in bill and body size seen in Darwin finches
alapagos, which are interpreted as adaptations to
rent seed sizes [82]. However, species limits in
in’s finches is a highly contentious issue because
and body size seem to evolve fast in these birds
out any strong evidence of reproductive isolation
. It has therefore been argued that differentiation in
e phenotypic characters reflect local adaptations
in the same species rather than reproductive isola-
between species. The same argument may apply to
Blue Chaffinch case. The differentiation in biomet-
observed between teydea and polatzeki may be of
er recent origin due to human-induced habitat dif-
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ces, and may not be a good indicator of reproduct-
solation.

the
has

e 8 Sperm morphometrics of ssp. teydea and ssp. polatzeki of the Blu

trait teydea (Tenerife) polatzeki (Gran Canaria) Test of diffe
means

length (μm) 17.05 ± 0.70 (22) 18.01 ± 0.60 (11) t31 = −3.86,

iece length (μm) 224.10 ± 5.78 (22) 232.92 ± 4.41 (11) t31 = −4.44,

ngth (μm) 13.63 ± 5.21 (22) 12.49 ± 4.41 (11) t31 = 0.60, P

sperm length (μm) 254.75 ± 3.74 (43) 263.42 ± 3.46 (11) t52 = −6.96,

total length (%) 1.24 ± 0.36 (43) 1.06 ± 0.26 (10) t51 = 1.44, P

of mean total
h (%)a

1.48 1.34

sted for variation in sample size (N) by the formula CVbm = SD/mean × 100 × (1+ 1/4
erm cells were measured per male, except for one teydea and two polatzeki with ve
SD (N)

______________________ WORLD TECHNO
Taits that are more directly involved in reproduction,
sexual characters used in mate choice and mating com-
ion, and gametic traits with a function in fertilization,
be more suitable as indicators of reproductive isola-
Elaborate plumage colour and feather ornaments, and
lay behaviours like song in passerine birds, are generally
ved to evolve by sexual selection [84] and thereby
tion as premating isolation mechanisms [7].
erm traits, on the other hand, have a reproductive
tion after copulation and may represent a postmat-
or postcopulatory isolation mechanism. Our reason-
is that divergent sperm traits may be particularly
rtant in passerine birds with sperm competition,
use postcopulatory processes may be relatively more
rtant for individual fitness in these systems. Across
species, sperm length is positively correlated with

length of female sperm storage tubules [85, 86]. It
been demonstrated in insects that the form of the

e Chaffinch Fringilla teydea

rence between Test of difference between
variances

Effect size Cohen’s d

P < 0.001 F-ratio = 1.34, P = 0.65 −1.47

P < 0.001 F-ratio = 1.71, P = 0.38 −1.69

= 0.55 F-ratio = 1.16, P = 0.84 0.23

P < 0.001 F-ratio = 1.17, P = 0.83 −2.40

= 0.16 F-ratio = 1.88, P = 0.31 0.60

N)
ry few sperm cells in the sampled ejaculate. Mean values are given with

LOGIES_________________________
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Table 9 Quantitative scores for species delimitation of the two
Blue Chaffinch taxa teydea (Tenerife) and polatzeki (Gran
Canaria), following the scoring system of Tobias et al. [20]

Trait type Most divergent character teydea
vs. polatzeki

Effect size
(Cohen’s d)

Score

Morphology Bill length (males) 3.43 2

Song Frequency (MHz) change in
1st phrase

−9.08a 3

Change in max amplitude from
1st to 2nd phrase

3.58a 2

Male
colouration

Colouration wing bar (PC1) −3.65 2

Colouration back (PC1) 1.90 1

Black band on forehead
(faint vs. marked)

Minor 1
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W
le reproductive tract drives the evolution of sperm
phology [87]. This is consistent with the idea that
m length in a given species is adapted to its specific
le environment. Nevertheless, there is also consider-
variation in sperm length among males within the
e population [60, 88], and this variation has a strong
tic basis [89]. Typically, species with large intraspe-
variation in sperm length are characterized by little
o sperm competition, whereas species with a narrow
m length variation have high levels of sperm compe-
n [26, 28, 48, 90]. All of this suggests that sperm
petition acts as an evolutionary force of stabilizing
urifying selection that reduces variation in sperm
th among males in the population. That is, sperm
petition should favour sperm lengths close to the
lation mean, and disfavour those that are particu-
long or short. It further implies that two popula-

s with divergent sperm length distributions may be
oductively incompatible under sperm competition.
ce, sperm traits might predict the presence of a
copulatory prezygotic barrier [91, 92], or “competi-
gametic isolation” (sensu Coyne & Orr [4]), and thus
xonomically informative in delimitation of allopatric
ies that exhibit a mating system with sperm compe-
n. It must be emphasized that the role of sperm
petition as a selection force on sperm size variation
asserine birds is at present only a hypothesis, which
s empirical testing.

clusions
conclude that the two Blue Chaffinch subspecies ful-
ll the major criteria for species delimitation, and
ld therefore be assigned species status: the Tenerife
Chaffinch Fringilla teydea and the Gran Canaria
Chaffinch Fringilla polatzeki. This is in agreement
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lated from Sangster et al. ([37]; Table 3)

Au
1N
Os
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a few hundred birds left in the wild [45]. Recogni-
of the population as a full species will presumably
ease attention to its conservation as one of the most
cally endangered birds in Europe [37]. However, we
hasize that conservation arguments should have no
ht in the taxonomic assessments of species limits,
they have not affected our analyses and recommen-
n here either.
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stract

ckground: The Bornean banteng (Bos javanicus lowi) is an endangered subspecies that often inhabits logged
est; however very little is known about the effects of logging on their ecology, despite the differing effects this
s on other ungulate species. A body condition scoring system was created for the Bornean banteng using
era trap photographs from five forests in Sabah, Malaysia, with various past and present management

mbinations to establish if banteng nutrition suffered as a result of forest disturbance.

sults: One hundred and eleven individuals were photographed over 38,009 camera trap nights from April 2011
June 2014 in five forests. Banteng within forests that had a recent history of reduced-impact logging had higher
dy condition scores than banteng within conventionally logged forest. Conversely, when past logging was
nducted using a conventional technique and the period of forest regeneration was relatively long; the banteng
d higher body condition scores.

nclusion: The body condition scoring system is appropriate for monitoring the long-term nutrition of the
rnean banteng and for evaluating the extent of the impact caused by present-day reduced-impact logging
thods. Reduced-impact logging techniques give rise to individuals with the higher body condition scores in the
rter term, which then decline over time. In contrast the trend is opposite for conventional logging, which
y
ev

da
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ax
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monstrates the complex effects of logging on banteng bod
ferences in regeneration between forests that have been pr

ywords: Body condition scoring, Camera trap, Habitat degra

kground
y condition scores (BCS) measure the amount of soft
e an animal has relative to its size and are useful as
neral guide to the health and fitness of an animal
]. Usually BCS systems allocate a number that is asso-
d with condition, with lower scores given to animals
oorer condition [3]. Many BCS systems for domestic

an
(E
ph
by
m
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mals use palpitation to more accurately assess the
ition [1, 2], however this is not practical in wild ani-
studies as they would first have to be captured, which
th costly and stressful for the animal. There are BCS
niques developed for visual assessment of wild
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condition scores. This is likely to be due to
iously logged using differing methods.

tion, Reduced-impact logging, Sabah, Tropical forest

als in the field; for example on Indian elephants
has maximus indicus) by Ramesh et al. [4], and from
ographs of mule deer (Odocoileus hemionus eremicus)
arshal et al. [5] and Sri Lankan elephant (Elephas

imus maximus) by Fernando et al. [6]. Visual BCS
ms are useful for animals that cannot be handled [7].
-invasive scoring of mammal body condition using
era traps furthers the scope for BCS applications in
life management and for assessing the health of highly
ive species such as the Bornean banteng (Bos
nicus lowi) that are not directly observable in the
. BCS systems are straightforward to conduct, al-

gh variability can arise between observer [7, 8]. Clear
systematic BCS systems are beneficial because they
be implemented by wildlife managers [9] and because
are reliable in tracking changes in soft tissue carried
n animal over time (Edmonson et al. 1989 cited in [3]).
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S provide invaluable information on the health of
animal on an individual scale that can be related to
strength of their immune system (e.g. [10]), age at
h they first breed (Carrion et al. 2007 cited in [8]),
lity [8] and mortality [11, 12]. Monitoring individual
th allows the tracking of the health at the population
[13] and BCS can be used to evaluate the factors
ing population growth [5]. If body condition is low,
ition is likely to be the key limiting factor in popula-
growth (Bowyer 2005 cited in [5]) but it may also
ate that the population has reached its carrying cap-
[5, 8]. For these reasons it is possible that compar-
results of BCS across different habitats may show
mal management techniques and be an indication of
onger term effects of different treatments.
nteng are classified as endangered by the IUCN Red
with the rate of their population decline being
ter than 80 % in the last three generations in parts
eir range [14]. The population size and structure in
h is unknown due to a lack of data [15]. The home
e of banteng in Borneo is also unknown, however a
has been observed travelling 23 km (P. Gardner un-
ished observations cited in [15]) and herds of Bos
nicus birmanicus can occupy home ranges of up to
km2 (Prayurasithi 1997 cited in [15]). The subpopu-
ns studied here were not recaptured in any of the
r forests studied. Banteng are crepuscular in their
ities, spending more time on foraging and social ac-
at dawn and dusk, while the mid-part of the day is
ly spent ruminating (P. Gardner unpublished obser-
ns cited in [15]). They feed on a wide variety of
t material, opting to graze in open areas and are
e frequently found in open dipterocarp forests when
able [15–17]. The Bornean subspecies is recorded as
g in secondary forests and that logging, which opens
he forest floor, may benefit banteng due to the in-
sed understory growth [14, 17, 18]. This suggestion
pported by Meijaard and Sheil [19] who observed
, with the exception of frugivores, ungulates are
e successful in logged forests. Logging however
oves timber and alters the habitat that may provide
food sources for the banteng [18] and creates ex-
ive disturbance [20]. Ancrenaz et al. [20] found it
possible to maintain populations of orangutans
go pygmaeus morio) within commercial forests that
t reduced-impact logging (RIL) techniques, whereas
entional logging was more damaging and resulted
calized extinctions. This pattern is also likely to be
for the Bornean banteng; Deramakot Forest Reserve
abah utilizes RIL techniques and observations sug-
it may support a denser population of banteng [21].
possible that past and present logging techniques
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banteng populations, and that the most
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ructive types of management should result in re-
d body condition.
e body condition of banteng in Sabah should reflect
habitat suitability of the forests and the health of the
eng populations (Adamczewski 1993 cited in [8]).
ing alters the vegetation composition of a forest
, therefore it is important to know how logging prac-
affect banteng body condition. This information

be especially important as there is currently very lit-
nowledge of the impact of logging on banteng [18].
resent there is very little unlogged forest remaining
abah [22] suggesting that it is likely that banteng will
onfined to commercial forests in the very near fu-
. Comparisons of banteng BCS from forests that dif-
in management may indicate the suitability of the
agement techniques and the most effective approach
onserve the banteng in commercially managed
st.
e conducted the first identification of individual
eng in Sabah using unique natural markings. We
created the first BCS system using non-invasive

era trap images to identify the impact of the imple-
tation of conventional logging, RIL and protection
logging, both in the past and present, upon the

th of banteng in Sabah. It was expected that banteng
g in forests with longer post-logging regeneration
s and which had been subjected to RIL instead of
entional techniques would have higher BCS.

hods
y sites
era trap surveys were conducted in five forests in
h, Malaysian Borneo: Tabin Wildlife Reserve, Malua
st Reserve, the buffer zone of Maliau Basin Conserva-
Area, Sipitang Forest Reserve and Sapulut Forest Re-
e, located in east, east-central, south-central, south
west of Sabah, respectively (Fig. 1). Within these loca-
s the habitat that is inhabited by banteng is predomin-
lowland and hill dipterocarp forest and freshwater
p forest. The forests experience uniform tempera-

s and very little variation in rainfall across the year
however extensive climatic data is not available.
e forests have undergone different past and present
ing management methods (Table 1).

collection
era trap images of banteng were obtained from the
forest reserves at differing time periods and camera
stations were distributed in a grid format and/or on
ad-hoc basis (Table 2). The differing sampling
mes were due to two different prior studies of ban-
with different objectives: a PhD project by Gardner

and a state-wide survey of the remnant banteng
lations. With both sampling schemes the cameras

LOGIES_________________________
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widely dispersed throughout the forest in question,

ing it reasonable to assume that the health of ban-
individuals captured on camera are representative
e entire population. Cameras in a grid layout were
tioned overlooking banteng or large mammal signs
in the absence of these an animal trail) within a
radius of a predetermined GPS position. Grid posi-

fro
pl
du
(i.
tio
fix
Ca

nean banteng using remote camera traps. Photographs from the camera t
s were determined primarily on access by vehicle,
or on-foot, with a minimum distance of 500 m

one-
low-

e 1 Logging categorisation scheme

Site Past Logging Management Present Logging

Wildlife Reserve Conventional techniques [32] Protected from

Forest Reserve Conventional and RIL techniques [33] Protected from

r zone of Maliau
Conservation Area

RIL techniques [34] Protected from
collection, but l

ng Forest Reserve Conventional techniques [35] Areas logged w
plantation or un

ut Forest Reserve Conventional techniques (Sabah
Forestry Department staff, pers. obs.)

Logged using RIL
plantation (Sabah

escriptions of the past and present logging managements of each of the five study
nalysis

______________________ WORLD TECHNO
T
the nearest unsealed road. Ad-hoc cameras were

ed near or overlooking banteng signs (tracks or
), direct sightings or in habitat suitable for banteng
internal openings or grassland). A camera trap sta-
was comprised of two cameras facing each other,
to trees at approximately 10 m apart and 1 m high.
eras were programmed to take three photographs at

s were used to score the body condition of banteng
second intervals every time they were triggered. In
light conditions images were taken in monochrome

Management Year of Most Recent Logging

logging 1989 [32]

logging for 50 years 2007 [33]

logging during time of data
ogging has now recommenced.

1997 [34]

ith RIL techniques, managed as
logged [35]

2010–2014 [35]

techniques or managed as
Forestry Department staff, pers. obs.)

2005–2014 (Sabah Forestry
Department staff, pers. obs.)

forests in Sabah, Malaysia, showing the categories that were used in the

LOGIES_________________________
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Table 2 Camera trap sampling scheme

Location Study Period No. of
Stations

Camera make/model Sampling scheme

Tabin Wildlife Reserve April 2011–October 2012 130 Reconyx H500 2 grids: 4 km2 (500 m between each station)

2 grids: 6.25 km2 (500 m between each station)

8 ad-hoc stations placed in areas of banteng signs

Malua Forest Reserve April 2011–June 2014 118 Reconyx H500 & PC800 3 grids: 6.25 km2 (500 m between each station)
10 ad-hoc stations placed in areas of banteng signs

Maliau Basin Conservation
Area

June 2013–June 2014 21 Reconyx H500, PC800 &
PC850

Cameras in areas of banteng signs

Sipitang Forest Reserve September 2013–March
2014

30 Reconyx PC800 Cameras in areas of banteng signs

Sapulut Forest Reserve November 2013–April 30 Reconyx H500 & PC800 Cameras in areas of banteng signs

The c in
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g an in-built infrared light with the exception of one
era in the buffer zone of Maliau Basin Conservation
(Reconyx PC850), which operated with a white
for colour pictures. Cameras were checked every 4
s for tampering and functionality, and to change
batteries and SD cards. Surveys were conducted for
inimum of 90 days in each forest. This study only
zed non-invasive remote camera trapping for data
ction in order to minimize the disturbance caused
his shy and nervous large bovid. No experimental
and no direct handling of banteng individuals in

wild or in captivity was conducted. This study was
uted in compliance with the Sabah Wildlife Depart-
t: no ethics statement was required and no ethics
mittee exists for wildlife studies within Sabah,
ysia. Research permits were granted by the Sabah
iversity Council, reference numbers: JKM/MBS.1000-
(156) and JKM/MBS.1000-2/2 JLD.3 (18).

condition scoring
vidual profile cards of each banteng were created
g camera trap images of the head, rear and both
of the animal to create a reference allowing the

eng to be identified in the future if recapture oc-
ed. Each individual was given a score for every day
it appeared in the camera traps using the five-point
rial scoring system developed specifically for the
ean banteng (Additional file 1). All the scores given
ach banteng were included in the analysis and in
s where not all of the scored parts of the banteng
visible; the parts that were in sight were used to

te the score. The five-score pictorial BCS system
rs the full range of conditions observed in banteng
ured on camera within the research period. Individ-
were assigned a score of 1, 2, 3, 4 or 5, with high
es corresponding to more soft tissue; a score of 1
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amera trapping methods used to capture banteng in each forest reserve studied
given to animals with prominent skeletal features
as the ribs, 2 when the hips protruded but the ribs

unkn
was

______________________ WORLD TECHNO
T
not obvious, 3 when there was some rounding to

body and the most prominent skeletal features such
e hooks and pins were covered by some soft tissue,
en there was a relatively high degree of soft tissue
ring the prominent skeletal features and the body
quite rounded, and 5 when all skeletal features on
body were covered in soft tissue giving a very
ded appearance. It is possible that body conditions
above and below this range exist in individuals not

ured during this study and future users of this
od could extend the scale to 0 or 6 if necessary, as
the elephant BCS system developed by Fernando

l. [6]. Predominantly only colour images were used
e profiling and for scoring the body condition. In
ptional circumstances, monochrome photographs
included when the light levels shifted and caused

camera to change from colour to monochrome pho-
aphs (or vice versa) while the herd was still present.
se images retained sufficient light to permit individ-
recognition and scoring. Images where it was not
ible to allocate an accurate score were not included
e dataset for analysis.

ing management analysis
logging was defined as the logging that took place
re the current logging management and present log-
was defined as the logging being practiced at the
the images were captured. The logging history of
forest was classified into four categories that best

ribe the past and present logging methods: (1) RIL
; (2) industrial tree plantation: the area is clear felled
replanted; (3) conventional: traditional logging with-
RIL techniques; and (4) none: no logging. The time
e logging in years was calculated from the year that
part of the forest was last harvested. When the
t date of logging cessation for the compartment was

Sabah, Malaysia
own, the last harvesting activity for the entire forest
used. When an individual was recaptured in

LOGIES_________________________
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rent areas of the study forest that had had differing
ing treatments on the same day, the photos were
unted. However every instance where an individual
only captured in an area of the same logging treat-
t in a day was included in the analysis.
statistical software version 3.0.2 [26] and the pack-
Ordinal [27] was used in the data analysis. Only the
BCS given to each individual was used in the ana-
to remove bias for those individuals who were

ed multiple times. The independent variables were
Logging Type (categorical), Present Logging Type
gorical) and Years Since Logging (continuous) and
e were included in a cumulative link model (CLM)
xplain the dependent categorical variable, BCS.
sity was not included in the analysis, as the nature
e camera trap deployment did not allow this to be
ated. An initial CLM of BCS explained by Past
ing, Present Logging, Years Since Logging and all
ible two-way interactions was created and run with
y possible link. Akaike information criterion (AIC)
parison was used to choose the best link. In order to
ove insignificant terms and arrive at the most effi-
t model the initial CLM was reduced by AIC com-
on by automatic stepwise refinement.

lts
iling
e was a differential surveying effort in each forest due
e nature of the primary objectives for the data collec-
and this is laid out in Table 3. Out of the total 681
ime banteng captures there were 100 instances where
individual could not be reliably assigned a profile
le 3). In total 111 individuals were identified and
ed from the five forests (Additional file 2). Individuals
captured during the first 46 survey days. Two indi-

als were excluded from the analysis because no reli-
scores could be allocated for any of the occasions
appeared on the camera. In Tabin Wildlife Reserve
t bulls, six cows and two juveniles were studied

on
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reas 16 bulls, 17 cows and seven juveniles were stud-
for Malua Forest Reserve, seven bulls, 10 cows and

their
the

e 3 Camera trap sampling results

Camera Trap Nights Daytime Captures Unsc

Wildlife Reserve 14784 26 4

Forest Reserve 12400 486 113

u Basin Conservation Area 4971 77 18

ng Forest Reserve 3714 56 11

ut Forest Reserve 2140 36 5

38009 681 151

amera trapping survey and profiling results for the Bornean banteng in Sabah, Mala
times individual banteng appeared on camera and how many captures could not b

______________________ WORLD TECHNO
T

juvenile for Maliau Basin Conservation Area, seven
, 12 cows and five juveniles for Sipitang Forest
rve and six bulls, five cows and two juveniles for
lut Forest Reserve. The main natural features used to
tify individuals were the shape of the horns, tears in
ears, the pattern at the edges of the stockings and
. Occasionally other features that were used in identi-
ion were the length of tail, ear hairiness and pairing
f cows and calves (Gardner PC: Individual recognition
profiling of Bornean banteng, in preparation).

st management
most efficient link in the initial model was a loglog
and after automatic stepwise deletion the final most
ient model was BCS explained by Years Since Logging
teraction with Past Logging. The interaction between
s since logging and past logging type was significant
0.0192), meaning that the relationship between the
ng of logging and the BCS of the banteng differs de-
ing on which logging method (RIL or conventional)
previously used in the area (Table 4; Fig. 2). BCS also
red significantly between past logging types (p =
38) however time since logging did not significantly
t BCS (p = 0.9907) (Table 4). The BCS of banteng liv-
in forest previously logged by RIL was significantly
er by 1.07 ± 0.47 than those living in forest that was
iously logged using conventional methods. The BCS
anteng living in previously logged forests using the
method had declined over time, whereas banteng in
conventionally logged forests now have a higher BCS,
a longer regeneration time (Fig. 2). In the short term
eng have higher body condition in areas where RIL
used in the past, however after approximately 11 years
generation banteng BCS are higher in areas that have
conventional logging techniques in the past (Fig. 2).

ussion
iling
eng can be reliably identified using differences in

coat colour, size and shape of horns, differences in

edges of the stockings, cuts and scars and any other

ored captures Number of Individuals Elevation of Captures (m)
above sea level

16 22–164

40 29–293

18 267–398

24 781–1143

13 407–482

111 22–1143

ysia, showing how long cameras were left up, at what elevations, how
e reliably given a score

LOGIES_________________________
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Table 4 The results of the final CLM

Term Coefficient SE Test Statistic p-value

Past Logging * Years Since Logging −0.09 0.040 −2.341 0.9907

Past Logging (RIL) 1.06 0.473 2.260 0.0238

Years Since Logging −0.0001 0.017 −0.012 0.9907
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anent or semi-permanent distinguishing feature
dner PC: Individual recognition and profiling of Bor-
banteng, in preparation). Profiling juveniles was more
ult, particularly the very young calves that had neither
s nor stockings and rapidly developed between photo-
hic recaptures that were often infrequent. Furthermore,
gnition was difficult when multiple calves in the same
were born over the same time. It was necessary to be
flexible with the features used to recognize the individ-
as different lights and angles showed different features.
n profiling it is important to keep in mind the changes
occur over time: new scars may be acquired, horns will
e more and the coat may change colour slightly. For
ts where camera trapping was carried out over mul-
years, instances of all stages of an individual’s growth
included in their profile to allow their recognition at

ges. Although individuals would change in many ways;
xample horn development and shape, number of scars
colour; features such as the pattern at the edge of their
ings would not change, allowing an individual to be
essfully identified a number of years after it was last
ured.

condition scoring
ody condition scoring has been successfully applied
lephants using only visual observations [4, 6, 9] it
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. 2 The body condition scores (BCS) of banteng inhabiting
sts in Sabah, Malaysia, with increasing time since the forest was
logged by either reduced-impact logging (RIL) or conventional
niques for an ordinal regression model with the raw data
les) and predicted values (dashed lines). The body condition
res were obtained from camera trap images

______________________ WORLD TECHNO
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captures are often limited in their photographic as-
and do not always permit the animal to be viewed from
ngles to assess the condition, however this technique
allow a much closer observation of a wild animal than
ld normally be possible. Occasionally the camera func-
lity or weather conditions gave rise to poorer quality
os, which were more difficult to score. As stated by
mer et al. [9], the skeletal features are much more vis-
when an animal is stretched out mid-stride whereas
are much less visible when bunched up, each of which
eases or increases the perceived body condition respect-
. This would be less of a problem with live observations.
ando et al. [6] found that lighting and posture might
e a different score to be assigned to an animal, but the
r is usually only small (equating to ± 0.5 BCS in this
). It was suggested that the use of a series of photo-
hs would be beneficial to obtain more reliable scores of
nimal [6]. As the camera traps used in this study pro-
a short series of photographs of each individual, we

imized the potential for capturing the features used for
ing. For these reasons, we believe our scores of each
eng are accurate given the harsh environmental condi-
and the inability to conduct direct observations.

st logging effects
as expected that the BCS would be higher in forests
have been marginally opened up by recent and small
unts of logging. This is because it would promote the
th of pioneer grasses, which are suitable forage for
eng, but that extensive logging would remove some of
important feeding habitats and therefore the banteng
ld be in poorer condition there. We found evidence in
study that supports this theory.
e results of this study indicated that forests that
logged using RIL in the recent past contained ban-
with higher BCS than forests that were logged

g only conventional logging methods. RIL tech-
es minimize the impact on the forest by removing
er using helicopter and/or long-distance cranes to
d non-target stem destruction, soil erosion and com-
ion [21], however all logging activity still causes
h disturbance and habitat degradation [28].
ost of Sabah’s forests have been logged previously
, therefore it is necessary to conserve banteng in

ears Since Logging for banteng in Sabah, Malaysia
ed areas. All logging in Sabah must now follow RIL
niques if the forest is not going to be converted into

LOGIES_________________________
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tation [25], which will be less detrimental to banteng
tat than old-style conventional logging. The higher
in forests that have been logged recently using RIL
be due to the short-term benefits of increased
rstory growth of pioneer species in the first few
s after logging [29]. This is due to the increased light
sity on this layer [30]. Pioneer species such as
ses were found in greater abundance when logging
occurred within the last ten years (S. Ridge, pers.
) making banteng forage more abundant. The nature
IL techniques is less damaging than conventional
niques [25] because they allow the vegetation to
ver more quickly [31]. Past logging was found to
ificantly influence banteng BCS but our results show
current disturbance or present logging does not
ifest in different BCS. It is therefore possible that a
tive lag effect exists and that banteng BCS may de-
in the future. For this reason, it is important to

imize the impact of logging. Long-term monitoring
anteng BCS in an area undergoing changes in man-
ent will be required in order to assess the full con-
ences. The effects of past conventional logging
niques are evident today as low BCS, with the more
nt the conventional logging the lower the BCS
2). It was not possible to document banteng BCS

r to logging but we believe the lower scores to be
to conventional logging techniques decreasing the
of vegetation regeneration [31]. We observed a
ual increase in BCS with time in forests that were
nerating from conventional logging; however we ob-
ed the opposite trend for RIL whereby BCS decreased
steep gradient over time following RIL activity.
w recently a forest is logged and the type of logging
rtaken significantly affect BCS and these factors are
ative of forest regeneration; forests logged using RIL
vary in the extent and speed of regeneration com-
d with conventional logging, which may take signifi-
ly longer. It is likely that the effects of logging on
eng are actually very complex with many more facets
were not covered in this study. A note of caution
ever regarding the interpretation of the significance of
since logging; although there was overlap in the time
logging between the three most recently logged for-
(Malua Forest Reserve, Sipitang Forest Reserve and
lut Forest Reserve), the time of the two most distantly
ed forests (Tabin Wildlife Reserve and the buffer zone
aliau Basin Conservation Area) do not overlap with
other forest, therefore the increase in BCS with recent
ing could actually be due to other factors not mea-
d in this study within these latter two forests.

clusions
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BCS system is appropriate for monitoring the long-
nutrition of the Bornean banteng and for evaluating
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extent of the impact caused by present-day RIL
ods. RIL techniques give rise to individuals with
er BCS in the shorter term, which then decline over
. In contrast the trend is opposite for conventional
ing, demonstrating the complex effects of logging on
eng BCS. This is likely to be due to differences in re-
ration between forests that have been previously
ed using differing methods. This study highlights the
of information there is into the effects of logging on
Bornean banteng and provides new methods for
ing research into this elusive mammal. It is impera-
that this knowledge gap is closed and corrective mea-
s are implemented to facilitate the persistence of this
ngered species.

eviations
kaike Information Criterion; BCS, Body Condition Score; CLM,
lative Link Model; RIL, Reduced-Impact Logging
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tive parental care, reproductive performance
d a novel egg predator affecting reproductiv
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vestment in the Caribbean spiny lobster 
WT
nulirus argus
tonio Baeza1,2,3*, Lunden Simpson1, Louis J. Ambrosio1, Nathalia Mora4, Rodrigo Guéron5 and Michael J. Childress1

stract
ckground: We used the Caribbean spiny lobster Panulirus argus, one of the largest brooding invertebrates in the
stern Atlantic, to test for the presence/absence of active parental care and to explore reproductive performance
large brooding marine organisms. Given [i] the compact and large embryo masses produced by P. argus, [ii] the
ected disproportional increase in brooding costs with increasing embryo mass size, and [iii] the theoretical
metry of egg production with increasing body size, we predicted that parental females in this large species
l engage in active brood care. We also predicted that larger broods from larger lobsters should suffer higher
rtality and brood loss than smaller broods from smaller lobsters if parental care was minimal or absent.
tly, we expected smaller females to allocate disproportionably more resources to egg production than larger
ales in the case of minimal parental care.

sults: Females brooding early and late embryos were collected from different reefs in the Florida Keys Reef tract,
nsported to the laboratory, and maintained in separate aquaria to describe and quantify active parental care
ring day and night. A second set of females was retrieved from the field and their carapace length, fecundity,
g size, reproductive output and presence/absence of brood-dwelling pathogens was recorded. Laboratory
eriments demonstrated that brooding females of P. argus engaged in active brood care. Females likely use
e of the observed behaviors (e.g., abdominal flapping, pleopod beating) to provide oxygen to their brood
ss. In Panulirus argus, females did not suffer brood loss during embryo development. Also, reproductive output
reased more than proportionally with a unit increase in lobster body weight.
in
er
as
e.

e

nclusions: Our results agree with the view that large brood
sses if they engage in active parental care and that the latt
rformance costs associated with producing large embryo m
show, negatively impacts female reproductive performanc

kground of

degree of parental care varies broadly among mar-
nvertebrates, even within monophyletic clades [1, 2].
ne extreme, some groups do not provide any form
arental care, spawning small unfertilized or fertilized
into the pelagic environment in which development
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larva
migh
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pods
extr

espondence: jbaezam@clemson.edu
rtment of Biological Sciences, 132 Long Hall, Clemson University,
on, SC 29634, USA
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g marine invertebrates can produce large embryo
behavior greatly diminishes reproductive
ses. Lastly, we report on a nemertean worm that,

mbryos and/or larvae takes place (various bivalves
sea urchins [3, 4]). At another extreme, some
ies with abbreviated or direct development produce
yolky eggs that are brooded and hatch as advanced
l stages or juveniles. These early ontogenetic stages

t remain in the parental brood chamber and/or
lling for long periods of time and can be fed,
nded, and groomed by females (various seastars, iso-
, and amphipods, among others [5–7]). In between
emes, many species exhibit indirect development,
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parental care is restricted to the protection of em-
s incubated in bodily chambers of varying complex-
e.g., many crustaceans, including spiny lobsters [8]).
aining the evolution and adaptive value of parental
is one of the most relevant yet still not completely
rstood problems in evolutionary biology [1, 2].
marine brooding invertebrates, benefits to brooded
ring include, but are not limited to, protection
nst predators [5, 9, 10], protection from adverse abi-
conditions [5, 9, 10], and/or physiological provision-
[11]. Still, brooding embryos in bodily chambers is
exempt of costs. For instance, reproductive perform-
(i.e., fecundity, reproductive output) of parental fe-
s might decrease due to brood loss, in turn, driven
creases in embryo volume during development, em-
crowding and loss from the abdominal chamber

. Embryo masses accumulate sediment, detritus, bac-
, algae, fungi, and many other epizootic organisms
, ciliates) that might further impact parental repro-
ive performance [13–16]. Egg predators are known
estroy embryo masses when experiencing population
reaks, impacting not only female fecundity but also
host population health [17–19]. Perhaps more im-
antly, large densely packed embryo masses can be
idered living tissue but without a circulatory system
. Most embryo masses are larger than the theoretical
m limiting thickness that allows sufficient oxygen
ly by diffusion [21] and oxygen limitation does
r at their centers [20, 22, 23]. Oxygen depletion at
interior of embryo masses has been shown to be
re, even early during embryo development, when
iration rates of early embryos are much lower than
e of late embryos [20]. Hypoxic conditions do im-
embryo development, often driving asynchronous
lopment within embryo masses (e.g., periphery ver-
enter) [9, 24, 25] and even embryo mortality [26].
kely, parental behaviors exclusively directed toward
ryo masses, as reported for various invertebrates,
evolved as a mechanism to retard or prevent foul-
repel egg-predators, and improve oxygen availability
eveloping embryos [14, 20, 27]. Ultimately, active
ntal care is expected to, and has been shown to, im-
e reproductive performance. For instance, grooming
e brood mass by parental females increases embryo
ival and hatching rates [14, 27]. Similarly, ventilation
rooded embryos by parental females (e.g., abdominal
ing or pleopod fanning [23, 25]) is known to in-
se oxygen levels at the center and periphery of em-

masses and appears to speed up embryo
lopment [25]. Our understanding of what consti-
s 'active parental care' has improved considerably
ng the last decade thanks to studies focused on a
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ther or not active parental care is the rule rather

tion
duce
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the exception in brooding marine invertebrates still
ains an open question.
marine brooding invertebrates, brooding costs

ld be considerable in large females from large spe-
as they have the potential to produce massive em-
masses and also suffer the putatively heavy costs of
ding [31, 32]. Theoretical considerations suggest
the costs associated with brooding (i.e., oxygen
ision, grooming) increase non-linearly with in-
ses in brood mass, potentially resulting in the inabil-
of large adults to successfully rear all brooded
ryos [23–25]. Furthermore, with increases in body
the capacity for egg production is also expected to
at a pace greater than the space available for

ding, and thus, larger adults might be capable of
ucing more gametes than can be successfully
ded [33, 34] (Fig. 1a).
erall, large species of brooding marine invertebrates
ld suffer exacerbated brooding costs, resulting in
reproductive performance, unless these large par-

l individuals allocate considerable time and energy
ttending their broods [23]. Indeed, brood mass size
parental behaviors are likely interlinked; large paren-
dividuals with large broods either allocate a consid-
le amount of energy and time to brood their
ryos, or suffer the costs in terms of reproductive
ormance, when producing large embryo masses.
ous studies during the last decades have demon-
ed that physiological costs (i.e., increased metabolic
are considerable in females engaging in active par-

l care [20, 23, 35]. Yet, whether brooding costs also
lt in diminished reproductive performance in large
ies of brooding marine invertebrates has been
ly explored. Studies on large species are particularly
ant as it will help to test whether or not excessive
iological costs associated to brooding large embryo
ses limit the evolution of brooding in large marine
rtebrates [34].
this study, we are particularly interested in testing
ther or not large marine invertebrates engage in ac-
parental care, and whether brooding costs, mea-
d in terms of reproductive performance, are suffered
ese brooding species. For this purpose, we used the
bbean spiny lobster Panulirus argus as a model or-
sm, one of the largest crustaceans in the Atlantic,
ning up to 45 cm in total length [36, 37] (Fig. 1b).
reported for all members of the Pleocyemata, a
ies-rich clade of crustaceans to which spiny lobsters
ng, P. argus produces a large number of embryos
are carried by females underneath the abdomen im-
iately after spawning and are maintained until they
h as larvae [38, 39]. The problem of oxygen limita-

seems particularly critical in this lobster, which pro-
s compact, large, semi-spherical masses of embryos

LOGIES_________________________
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Fig. 1 Relationship between body size and egg production constraining/favoring brooding and the model species. a Hypothetical allometric
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Wfrequently exceed 8–10 cm in maximum diameter
, pers. obs). In agreement with the notion above, a
nt study has demonstrated asynchronous develop-
t of the embryo mass of P. argus: embryos at the
hery develop more quickly (24–48 h ahead) than
e at the center [40]. We predict that ovigerous fe-
s of P. argus should engage in active brood care
n the large embryo masses produced by this species.
e above is correct, then costs in terms of reproduct-
performance should be low or absent in this large
ine invertebrate. By contrast, if P. argus does not en-
in active parental care, then we expect considerable
s in terms of reproductive performance, including
re brood loss, decreased reproductive output, as well
egative allometric scaling of brood loss and repro-
ive output with body size. While studying repro-
ive performance in P. argus, we noticed the
ence of an egg mass-dwelling nemertean belonging
e genus Carcinonemertes. We provide information

re
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d masses of infected lobsters.

lts
e parental care in Panulirus argus
behaviors were observed and recorded in ovigerous
non-ovigerous (control) females of P. argus. Four of
e behaviors were classified as events (i.e. abdominal
ing, pleopod fanning, 4th and 5th pereopod prob-

pr
be
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du
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while the remaining two behaviors were considered
ates (i.e. standing, abdomen extension) (Fig. 2).

male
tom
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Tly one (i.e., 4th pereopod probing, Fig. 2) out of the six
rded behaviors were found to be exclusive to ovigerous
les in P. argus. However, the remaining of the recorded
viors were observed at extremely low frequencies in
ovigerous females. For instance, abdominal flapping
pleopod fanning were observed for a very short time
d only three times in all non-ovigerous females.
igerous females were observed to either exclusively
redominantly perform certain behaviors in a specific
ence. Females first raised their body from the bot-
of the aquarium (stand up) by extending the pereo-
and, immediately or after a few seconds of raising
bodies, females expanded the abdomen (abdomen

nsion). Next, females flapped the abdomen (abdom-
flapping), fanned the pleopods back and forth (pleo-
fanning) or performed both behaviors at the same
repetitively from a few seconds to up to an hour
imum time period for analysis of behavior)
itional file 1: Video 1). While standing up and with
abdomen extended, females were also observed to
e their embryos either with the 4th or 5th (chelae
ing) pereopods. The latter two behaviors were per-
ed while females were fanning their embryos or
ng short time periods in which females stopped flap-
and/or fanning the abdomen and/or pleopods. The
ence of the behaviors above lasted from a few sec-
to an hour (maximum time period used for meas-

g female behaviors). After performing the behavioral
ence above for a few seconds, minutes or hours, fe-

nio Baeza
s either walked around or crouched again at the bot-
of the aquarium (Fig. 2).
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e frequency or duration of the behaviors above did
ge depending on embryo developmental stage and/or
cycle. The frequency of grooming bouts by the 4th pe-
ods, pleopod fanning / abdominal flapping, and the
time spent in a standing position were greater in fe-
s carrying late than early stage embryos (mixed nested
VAs: P < 0.05 in all cases; Table 1 and Fig. 3). Also,
ming bouts by the 4th pereopod, and pleopod fanning /
minal flapping bouts were more frequently performed
ng night than during day hours (mixed nested ANOVA:
.05 in all cases; Table 1 and Fig. 3). The remainder of
studied behaviors did not vary statistically between
les carrying early or late embryos during day or night.

oductive performance in Panulirus argus

sa
76
sig
we
fe
P
ne
sit
ly

32
34
in
iv
st

ws point to the 4th and 5th pereopod, respectively
tal of 19, 18, 20, and 11 female lobsters carrying em-
s in stages I, II, III, and IV, respectively were

0.37
affec

______________________ WORLD TECHNO
pled. The mean (± standard deviation, SD) CL was
6 ± 8.95 mm and ranged from 51.3 to 100.4 mm. No
ificant differences in body size (CL, carapace length)
detected between females carrying embryos in dif-
t developmental stages (ANOVA: F = 2.41, df = 3,64,
.0750). A total of five females were found to host
ertean parasites in their brood masses. These para-
ed females were not considered for the initial ana-
of reproductive investment (but, see below).
erage (± SD, range) fecundity varied between 299
(±162 537, 105 858–757 278) embryos lobster−1 and
001 (±131 652, 205 569–674 041) embryos lobster−1

males carrying early and late stage embryos, respect-
. An ANCOVA did not detect any effect of embryo
e (I versus IV) on fecundity (F = 0.8, d.f. = 1, 29, P =

84). On the other hand, female body size (CL) did
t fecundity; large females carried more embryos
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Table 1 Mixed model nested ANOVAs to test the effect of embryo developmental stage (early versus late or control versus early
versus late) and diel cycle (day versus night) in the active brood care of the Caribbean spiny lobster Panulirus argus

Source Nparameters d.f. d.f.denominator F P Variance (%)

4th pereopod grooming bouts (early versus late)

Embryo Stage 1 1 4 0.61 0.4791

Day Time (Stage, Female ID) 6 6 12 7.19 0.0020

Female ID 63.32

5th pereopod grooming bouts (control versus early versus late)

Embryo Stage 2 2 6 5.19 0.0491

Day Time (Stage, Female ID) 9 9 18 2.74 0.0331

Female ID 53.73

Pleopod fanning + Abdomen flapping (control versus early versus late)

Embryo Stage 2 2 6 15.13 0.0045

Day Time (Stage, Female ID) 9 9 18 3.38 0.0134

Female ID 67.83

Abdomen extension (control versus early versus late)

Embryo Stage 2 2 6 4.08 0.0759

Day Time (Stage, Female ID) 9 9 18 1.77 0.1442

Female ID <1.00

Standing (early versus late)

Embryo Stage 1 1 4 2.85 0.1665

Day Time (Stage, Female ID) 6 6 12 0.26 0.9470

Female ID <1.00

Abdominal extension (control versus early versus late)

Embryo Stage 2 2 6 5.4443 0.0448

Day Time (Stage, Female ID) 9 9 18 0.4 0.919

Female ID 7.24

In the different analyses, developmental stage and diel cycle were considered fixed effects while female identity was considered a random effect. The proportion
of the variance in the dataset explained by female identity is shown for each analysis. Numbers in bold indicate significant p-values
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small females (F = 58.04, d.f. = 1, 29, P < 0.0001).
interaction term of the ANCOVA was not signifi-
(F = 0.1972, d.f. = 1, 29, P = 0.6603) (Fig. 4a). Thus,
les, either large or small, did not loose embryos sig-
antly throughout embryo development.
bryo volume varied between 0.0834 (±0.0204, 0.122 -

4) mm3 and 0.1008 (±0.0142, 0.1200 - 0.083) mm3 in
les carrying early and late stage embryos, respectively.
NCOVA demonstrated an effect of embryo stage on

volume (F = 6.55, d.f. = 1, 29, P = 0.0160). In turn, CL
not affect embryo volume (F = 0.20, d.f. = 1, 29, P =
70). The interaction term of the ANCOVA was not
ificant (F = 0.349, d.f. = 1, 29, P = 0.5589; Fig. 4b). In
ral, embryo volume in P. argus increased by 17.2 %
early to late stage and females from all body sizes

ed similarly sized embryos.
productive output varied between 31.30 and 61.46 %

wi
al
de
(a
th

Ca
W
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th
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ne
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St
em
represented a mean ± SD of 49.21 % (±8.17) of lob-
body dry weight. Reproductive output increased

carr
dens

______________________ WORLD TECHNO
lobster body weight, i.e., RO exhibited positive
etry, as the slope (b = 1.46, SEb = 0.14) of the line

ribing the relationship between these two variables
r log-log transformation) was significantly greater
unity (t-test: t = 3.29, df = 1, 14, P = 0.0026; Fig. 4c).

inonemertes sp. in brood masses of Panulirus argus
noticed the presence of parasitic nemertean worms
the genus Carcinonemertes in five (7.4 %) out of

68 sampled ovigerous females and we estimated
ity of Carcinonemertes and embryo mortality in four
ese infested females (one each carrying embryos in
es I, II, III, and IV, respectively). Density of Carcino-
ertes varied between one worm per 1262 embryos
.08 worms per 100 embryos) in the female carrying
e I embryos (78.45 mm CL) and one worm per 193
ryos (or 0.51 worms per 100 embryos) in the female

ying Stage IV eggs (73.78 mm CL). The mean ± (SD)
ity of Carcinonemertes in these parasitized females

LOGIES_________________________
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Wone worm per 667 ± (460) embryos or 0.24 ± (0.19)
s per 100 embryos (Fig. 5).
e mean proportion of empty capsules in the in-
d females was 12.7 ± (10.8) % and varied between
in the female carrying Stage I embryos (78.45 mm

and 25 % in the female carrying Stage III embryos
mm CL). In turn, the number of dead embryos var-
etween 0 % in the female carrying Stage I embryos
5 mm CL) and 23 % in the female carrying Stage III
ryos (76.1 mm CL). The mean number of dead em-
s in these infected females was 7.2 ± 10.7 %. No
ty capsules or dead embryos were noticed in non-
ted females (Fig. 5).
e compared fecundity, egg size and reproductive
ut among infected and non-infected females. Vis-
examination of the data indicated that fecundity
one of the infected females carrying stage I
ryos and the infected female carrying stage II
ryos was not dissimilar from that found in non-
ted females of similar body size (arrows in
4a). By contrast, fecundity in the second infected
le carrying stage I embryos and in infected fe-
s carrying stage III, and IV embryos was much
ller than that expected for non-infected females
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night (N) hours is shown
imilar body size (see encircled data points in
4a). Indeed, these last three infected females

The
ing,

______________________ WORLD TECHNO
Tesented data outliers whose fecundity was statisti-
lower than that expected for a non-infected

le of equal body size and carrying embryos in
same stage (Fig. 4a). Carcinonemertes sp. did not
t embryo volume of infected females, regardless
mbryo developmental stage. Lastly, reproductive
ut in one of the infected females carrying stage I
ryos was much lower than that expected for non-
ted females of the same body size (lower arrow
ig. 4c).

ussion
e parental care in Panulirus argus
expected the Caribbean spiny lobster Panulirus
s to engage in active brood care, considering the pu-
ely high costs, in terms of reproductive perform-
, that large brooding marine invertebrates should
[20, 23–25]. Our results agree with the notion
e; laboratory observations have clearly shown that
erous females do direct precise behaviors toward
embryo masses. These behaviors were performed
r exclusively (i.e., 4th pereopod probing, standing)
redominantly by ovigerous females (i.e., abdominal
ing, pleopod fanning, 5th pereopod probing).

refore, abdominal flapping, pereopod fanning, stand-
and pereopod probing, among a few others, can be
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idered ‘active brood care’ behaviors. We believe that
e of the observed behaviors are used by parental fe-
s to provide oxygen to their brood mass while others
related to the detection of oxygen conditions and/or
gn objects (e.g., detritus, egg predators) that have the
ntial to impact reproductive performance [41, 42].
igerous females of P. argus ventilate their embryo
ses (i.e., likely increasing oxygen ability at its center)
g abdominal flapping and fanning of the pleopods.
ominal flapping has been demonstrated to be the
ific behavior used by ovigerous females to increase
en concentration at the center of the brood mass in
hyuran crabs [20, 23, 25]. Abdominal flapping and a
nd behavior, pleopod fanning, have also been ob-
ed in various other groups of crustaceans that en-
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ales carrying embryos in stages I, II, III, and IV, respectively. Arrows and circle
predator Carcinonemertes sp
in active brood care and their role in oxygen
ery to embryos was proposed earlier in brachyuran

lobs
serv

______________________ WORLD TECHNO
s [15, 16, 22, 43] and clawed lobsters [26], and most
ntly in caridean shrimps [44]. In turn, the standing
tion, another behavior frequently observed in oviger-
females of P. argus, probably improves the efficiency
xygen delivery to embryos in a manner similar to
previously reported for crabs [20]. Experiments meas-
g particular behaviors concomitantly with changes in
en availability at the center of the embryo mass are
ired to demonstrate that abdominal flapping and
pod fanning are indeed delivering oxygenated water
e center of the embryo mass in P. argus.
contrast to abdominal flapping and pleopod fan-
, 4th pereopod probing might be used in sensing the
ronment at the periphery or within the embryo mass
vigerous lobsters. In decapod crustaceans, including

a) and arrows in (c) indicate ovigerous females infected with the
ters, the dactyls of pereopods do bear setae that
e as mechanoreceptors or contact chemoreceptors
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51]. Information gathering from the brood mass via
omones has been previously reported for brooding
le crabs and spiny lobsters hatching their embryos
42, 52–56] and most recently in caridean shrimps
. Ovigerous females of P. argus might use their 4th
opods to detect compounds produced by embryos
or foreign objects (e.g., detritus, parasites) and re-
d accordingly, either by providing oxygen or remov-
particles, respectively. The 5th pereopods, each
ing a small but well developed claw [36], might play
nction similar to that of the 4th pereopods, helping
with (chemical) information gathering and removal

xogenous particles that might potentially impact re-
uctive performance, as shown before in other crus-

vi
wa
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ge

pa
m
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ertean on the egg masses of ovigerous lobsters (bottom right)
ans with minute but ornamented claws on their last
of pereopods (in the anomuran crab Petrolisthes

dom
perio

______________________ WORLD TECHNO
ceus [27]). Although 4th and 5th pereopod probing
frequently performed by ovigerous females carrying
early and late stage embryos, its putative function
t not be entirely efficient as suggested by the pres-
of predatory worms in the brood mass of a few ovi-
us females (see below).
e Caribbean spiny lobster P. argus exhibits active
ntal care and the intensity with which ovigerous fe-
s performed different behaviors differed with em-
developmental stage and time of the day. In

icular, abdominal flapping and pereopod fanning
more often performed by females carrying late

pared to early embryos, in agreement with prelimin-
bservations (in [41, 42]). Since the frequency of ab-

inal flapping increases throughout the brooding
d, an increase in the amount of oxygen provided to
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developing embryos is likely to occur [20]. Oxygen
umption in embryos has been shown to increase
atically during development in every species of
tacean in which this physiological function has been
ied [20, 22, 23, 25, 29, 57–59]. In general, the
eased brood care by brooding females throughout
ryo development probably serves to avoid problems
ed to oxygen limitation for the embryos (e.g. in-
sed mortality, low development rate, small size at
hing [9, 24]). Studies on oxygen consumption of em-
s through development in P. argus are needed to
oborate the assertion above.
nulirus argus females are also 'full time mothers' as
engage in parental care both during day and night

. Nonetheless, abdominal flapping and pereopod fan-
, two behaviors that likely deliver oxygen to the em-
s, together with embryo grooming using the 4th
opods, a third behavior likely involved in informa-
gathering from the brood mass, were more often
ormed during the day than night. Previous studies
ining daily locomotor activity rhythm in P. argus
shown that females are more active at dusk and

t than during the day [61, 62]. The information
e suggests that ovigerous females of P. argus allo-
time and energy differentially during the circadian
to different functions likely to optimize resource

isition and use.
stly, previous studies in brachyuran crabs have dem-
rated that active parental care does result in meta-
costs to ovigerous females [20, 58]. Herein, we
focused on costs associated with reproductive per-
ance (see below). Nonetheless, studying metabolic
s associated with active brood care in P. argus re-
s to be addressed. These brooding costs (and
rs, e.g., lost feeding opportunities) are expected to
onsiderable in a large brooding marine invertebrate
P. argus as well as in other spiny lobsters [20].

oductive performance in Panulirus argus
expected P. argus to suffer high brooding costs
, elevated brood loss during development), if ovi-
us females did not exhibit parental care. By contrast,
rental females engaged in active parental care, then
expected ovigerous females to suffer low brooding
s. Our results agree with the rationale above; we have
n that parental care is considerable in this species
concomitantly, costs measured in terms of reproduct-
erformance were low or absent.
the Caribbean spiny lobster, fecundity increased
body size as reported for every species of spiny lob-
in which this reproductive parameter has been stud-
[63–71]. Also, average fecundity reported herein for
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een 109,865 and 590,530 in P. marginatus from
aii, a species in which ovigerous females vary be-
n 54.3 and 105.4 mm CL [72]. Perhaps more im-
antly, differences in fecundity between females
ying early and late embryos were negligible (i.e.,
statistically significant), and thus, brood loss (if any)
not increase disproportionately with increases in
d size. Our results agree with those reported for the
-Pacific ornate rock lobster P. ornatus and the
tern Australian rock lobster P. cygnus, two species
hich no significant brood loss was observed during
bation [73, 74]. In the few other species of spiny
ters in which brood loss has been estimated, this has
rather low (7.9 % in P. gracilis [75], 14–17 % in P.
risti [76], 10–16 % in P. delagoae [77], 7.2 % in P.
tus [78]). Palinurus elephas from the western Medi-
nean can be considered an exception as brood loss
hes 26 % [70]. Brood loss appears to increase with
bation time in lobsters [79]. Interestingly, brood loss
be considerable in crustaceans that attain much
ller body sizes than spiny lobsters. For instance, in
er crabs from the genus Uca that grow no larger
20 mm in carapace width, brood loss varies and
represent up to 43 % of initial fecundity [80]. In
, in caridean shrimps, in which ovigerous females at-
body sizes no larger than 25 cm total length, brood
varies between 12 % and can reach up to 74 %
le 6 in [81]). The information above, albeit limited,
ests an inverse relationship between brood loss and
size within one of many clades of brooding marine

rtebrates. This relationship deserves further attention.
et, that brood loss was negligible in P. argus does
e with the notion that large brooding species that allo-
considerable attention to their brood masses experi-
reduced costs in terms of reproductive performance.
P. argus, embryo volume did increase, but not con-
rably, during development. The difference between
and early embryos was, on average, only ~20 %,
tly larger than that reported for other spiny lobsters
size increase: 8.3 % in P. delagoae [77]). The modest
ease in volume throughout development in embryos
. argus might alleviate or ease, to some extent, the
s associated with brooding. Studies on oxygen con-
ption of eggs might help reveal whether or not small
ges in embryo size throughout development do rep-
nt an adaptation to alleviate brooding costs in large
ine invertebrates that produce large embryo masses
as P. argus.
productive output (RO) in P. argus was high
1 % ± 8.17 of body dry weight) compared to that of
r crustaceans. For instance, in most of brachyuran
s, RO is limited to about 10 % (range: 3–22 %) of

weight ([82–84], but see [85] for exceptions). In
ean shrimp, with a body shape similar to that of

LOGIES_________________________
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ters, RO is slightly greater, varying between ~12 and
of body weight [86, 87]. Unfortunately, to the best

ur knowledge, no previous studies have estimated re-
uctive output in other species of spiny lobsters. Im-
antly, the scaling of reproductive output with female
weight in P. argus was positively allometric; egg

s did increase more than proportionally with a unit
crease in female body weight. By contrast, brood
ht most often exhibits an isometric or nearly iso-
ic constraint with increasing female body size in
t brachyuran crabs [85]. A limitation on space avail-
for yolk accumulation in the cephalothorax appears
e the main factor constraining RO and its scaling
body size in other brooding crustaceans [85]. Un-
crabs, but resembling caridean shrimps, the abdo-
of lobsters is massive and their ovaries extend out
e cephalothorax into the first abdominal segments
], and JAB, pers. obs.). An elongated abdomen most
y allows distension of the organs (including gonads),
subsequent increases in reproductive output, likely
aining the positive allometric increases in RO with
size in P. argus. We argue in favor of additional

ies examining constraints driven by body shape in
rmining RO in marine invertebrates. As yet, the
tive allometric scaling of reproductive output with
size in P. argus supports the notion that RO and

r reproductive parameters related to reproductive
ormance do not decrease in large brooding inverte-
es that do actively provide intensive brood care.

inonemertes sp. in brood masses of Panulirus argus
study reports for the first time an embryo predator
the brood mass of the Caribbean spiny lobster P.

s. Preliminary observations on preserved specimens
confirmed that the observed worms represent a

iously undescribed species from the genus Carcino-
ertes and its description is underway. The genus
inomertes can and does have a major impact on the
oductive performance of crustaceans, and has been
icated in the decline of king crab fisheries [18, 19,
1]. A few species of Carcinonemertes have been
rted before in spiny lobsters from the Pacific (see
e 1 in [92]). However, the impact of this worm on
reproductive performance of spiny lobsters is un-
n [19]. This study demonstrates for the first time
negative impact of Carcinonemertes on the repro-
ive performance of a spiny lobster. One infected
ter carrying early embryos (Stages I) experienced a
ificant reduction in fecundity and reproductive out-
In turn, lobsters with late stage (III and IV) embryos
red considerable reductions in fecundity and repro-
ive output. The above pattern suggests that the ef-
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evalence of Carcinonemertes. sp on P. argus was
ively low (7.4 %) when compared to reports in other
ted populations (Callinectes arcuatus – 35 % [93],
ia spinosa – 69.2 % [94], Randallia ornata – 70 %

, Panulirus interruptus – 42 % [96]). Importantly, in
e crustacean host species, Carcinonemertes might
rience population outbreaks, destroying embryo
ses of their crustacean hosts, and, sometimes, affect-
host population health, and even resulting in de-
sed crab landings [18, 19, 91]. In the Caribbean,
ings of P. argus have declined during the last decades,
various conditions are thought to play a role in such
lation declines, including hurricanes, overfishing,
tion, poor water quality, hypoxia, temperature ex-
es, viral disease, or a combination of the conditions
e [19, 97]. We argue in favor of future studies focus-
on the population biology of Carcinonemertes sp.,
the potential of this embryo predator to cause exten-
damage to natural populations of the commercially
ecologically important spiny lobster P. argus.

clusions
ntal care behaviors have rarely been reported for mar-
nvertebrates (for exceptions see [6, 20, 43, 59], includ-
rustaceans, a species-rich clade with great anatomical,
iological, reproductive, and ecological disparity. We
shown that the Caribbean spiny lobster Panulirus

s, a large marine invertebrate that broods bulky em-
masses, engages in active parental care. Costs, mea-

d in terms of reproductive performance, were absent
is species, reinforcing the idea that brooding can be
eved in marine invertebrates with relatively large body
, if parental individuals play a major role in attending
rooded embryos. Active parental care should result in
iderable metabolic costs to parental individuals [20].
re studies in P. argus examining these putative meta-
costs are warranted as they will help to illustrate the
ionship between mode of development (i.e., brooding
s broadcasting) and body size, recognized for marine
rtebrates [9, 25, 34, 98].
stly, our study reports for the first time a nemertean
predator belonging to the genus Carcinonemertes
the embryo mass of the Caribbean spiny lobster P.
s. We argue in favor of studies aimed at revealing
relative importance of this and other pathogens in
aining declines in the landing of P. argus throughout
ider Caribbean during recent decades.

hods
el organism: the Caribbean spiny lobster Panulirus
s
ulirus argus supports a multimillion-dollar fishery in

reater Caribbean and Gulf of Mexico, with landings
1984 to 1998 surpassing 330,187 metric tons [99].

LOGIES_________________________
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above explains in great part the large body of litera-
on its anatomy, life history, ecology, behavior and
iology accumulated during the last decades [36].
despite the commercial value and ecological im-

ance of this large brooding invertebrate, no studies
ctive brood care have been conducted (for excep-
s see [41, 42]) and limited information exists on
idual-level reproductive performance [38, 100].
ating in Panulirus argus may occur year round but
s in the early spring and summer with an increasing
operiod and warmer temperatures [101, 102]. Gen-
y, males occupy and defend dens in shallow water
attract females who are ready to spawn [39, 103].
es transfer a spermatophore to the ventral surface of
female [104]. Larger males have the potential to pro-
larger spermatophores, but males can scale their

matophore to the size of the female [105, 106]. Fe-
mating receptivity appears to decrease upon receipt
e spermatophore which is used to fertilize a single
h of eggs [107]. Clutch size increases with female
[39] and the developing embryos are incubated for
oximately 3–4 weeks [108], during which time fe-
s may migrate to deep reefs before the embryos
h [109, 110]. Female can produce 2–4 clutches of
per year with larger, older females reproducing earl-
and having more clutches per year [111]. Fishing
sure has a strong influence on reproduction, which
s growth [112] and decreases the size (but not the
at first reproduction [111]. Protection from fishing
only increases the average size of females [113] but
also increase the proportion of reproductively ma-
females in each size class [114]. Previous studies of
mercially exploited marine fishes have suggested
larger females may produce higher quality larvae
] but in P. argus female size was found to be unre-
to egg size, egg C:N ratio, larvae size, or larvae

tality [106].

pling of Panulirus argus
erous females of P. argus were collected between
22nd and July 25th, 2015 from various coral reefs
0 m depth) along the Florida Reef Tract, 2 to 8 km
ong Key (N 24° 49’26”, W 80°48’48”), Florida Keys,
. At each locality, lobsters were gently captured by
(with the aid of a tickle stick and hand net) while

a diving and transported alive to the laboratory.
ters were euthanized in coolers full of ice and main-
d therein until measurements on reproductive in-
ent were taken.
the laboratory, the carapace length (CL) of each

ter was measured using a dial caliper (precision =
m). Next, the embryos carried by brooding females
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were
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layed uniformly distributed yolk; stage II embryos
ed cell differentiation and yolk clusters; stage III
ryos had well-developed eyes and some visible chro-
phores but no obvious development of abdomen
thoracic appendages; stage IV embryos possessed
-developed eyes and chromatophores, free abdo-
s, and thoracic appendages.
stly, ovigerous lobsters used to test whether or not
rgus engages in active parental care (see below) were
cted during the same time period and from the
e coral reefs above and maintained in 3.8 L transpar-
glass aquaria (51 × 51 × 30 cm3) filled with aerated
water (25–31 °C and 35–38 ppt) in an outdoor wet
T
re being used for experiments.

e parental care in Panulirus argus
test whether ovigerous females of P. argus engaged
ctive parental care (i.e. displaying behaviors likely
lting in the provision of oxygen to and maintenance
rooded embryos) female behavior was recorded
er laboratory conditions. Females with embryos at
rent stages of development (I and IV, n = 3 per
e) were placed individually in a 3.8 L transparent
aquarium (51 × 51 × 30 cm3) filled with aerated sea
r (25–31 °C and 35–38 ppt) in an outdoor wet lab
natural photoperiod (day : night = ~ 13: 11 h). The
vior of each female was videotaped continuously
a 24-h period using a Brinno High Dynamic Range
R) Time Lapse Camera - TLC200 Pro, starting 1 h
the lobster was introduced to the tank. Infrared il-

inators (Model IRLamp6, 40° beam angle, Wildlife
neering) were used to continuously record female
vior throughout the night. Behavior of ovigerous fe-
s during the experimental period was classified and
tified as events or states, according to their relative
tion [20]. Behaviors classified as states occurred
relatively long time periods (more than 1 min, e.g.
ding) while discrete acts of relatively short duration
than 1 min, e.g. pleopod beating) were classified as
ts most often occurring in bouts [116]. The fre-
cy of the occurrence of each behavioral event (n°
t bouts h−1) and the proportion of time that females
t in each behavioral state (% time h−1) were re-
ed during two haphazardly selected time blocks of
each, for females carrying embryos at the two devel-
ental stages. Time blocks were randomly selected
n females were facing laterally, diagonally, or front-
to the camera, and their behavior could be recorded.
, to identify brooding (i.e., active parental care) from
-brooding behaviors, non-ovigerous females (n = 3)

recorded and their behavior was measured as de-
ed above.

LOGIES_________________________
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test whether behaviors related to brood care
d during embryonic development, the frequency
ercentage of time that each behavior was per-
ed per unit of time (1 h) was compared between
and night (daytime effect) among brooding fe-
s carrying embryos at different developmental
es (embryo stage effect: early vs late or non-
ding vs early eggs vs late eggs depending upon
dependent variable, see Table 1) using independ-
mixed nested ANOVAs [117]. In the different
VAs, daytime and embryo stage were treated as
effects while female identity was treated as a

om effect [117]. The behavior of non-brooding
les was included in these ANOVAs only when
e females performed the events or states analyzed
e than once. Whenever, a specific event or state
observed only once or not observed in each one
he three non-brooding females, the behavior was
considered part of the behavioral repertoire of
e females, and was not included in the mixed
ed ANOVAs. Data were square root or log-
sformed in order to meet the assumptions of the
stical model [117].

oductive performance in Panulirus argus
estimated three different individual-level reproduct-
performance parameters in brooding females of P.
s: fecundity, embryo size, and reproductive output.
this purpose, we gently detached with forceps the to-
of the embryos carried by females underneath the
men. Then, ten embryos from each mass were sub-
pled randomly, and the lengths along the short and
axis of each embryo were measured under the

oscope (Leica S8AP0) to a precision of 0.001 mm.
ryo volume was estimated with the formula for the
me of an ellipsoid [118], EV = 1 / 6(L S2 π), where
ong axis and S = short axis. The effect of female
size (CL, covariate) and egg stage (Stage I vs IV,
factor) on egg volume was tested using an

OVA [117].
xt, four sub-samples of 100 embryos each were iso-
from the brood mass of each female and dried with

respective remaining embryo mass and female body
at least 72 h at 70 °C and weighed to the nearest
mg with an analytical balance (Sartorius; ± 0.1 mg).
ndity was calculated with the equation F = EmMass
ss1 + Ess2 + Ess3 + Ess4) * 400 + 400, where F = total
ber of embryos, and EmMass = dry weight of the
aining embryo mass after the four egg sub-samples
1-4) have been taken. The effect of female body size
and egg stage (Stage I vs IV) on fecundity was

d using an ANCOVA [117].
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les carrying early embryos (Stage I). This latter par-
ter represents the amount of resources (biomass)
females invest in reproduction [119]. We tested

ther reproductive output increased linearly (isomet-
ly) with female body size. The relationship between
dry mass and female body dry mass was examined
g the allometric model y = a*xb [120]. The slope b of
log-log least-squares linear regression represents the
of power increase (b > 1) or decrease (b < 1) of the
ate of reproductive allocation with a unit of in-

se in lobster dry mass. To determine whether the
ionship deviated from linearity, a t-test was used
est if the estimated slope b deviated from the ex-
ed slope of unity. Before conducting the test
e, assumptions of normality and homogeneity of
nces were checked and found to be satisfactory
]. Previous studied in P. argus has calculated fe-
ity using the wet weight of the embryo and fe-
mass [39]. No previous studies have estimated

size and reproductive output in this species as
as fecundity using the dry weight of the embryo
Tates [39, 108].

inonemertes sp. in brood masses of Panulirus argus
noticed the presence of parasitic nemertean worms
the genus Carcinonemertes in five (7.4 %) out of

68 studied ovigerous females (two lobsters carrying
e I embryos and one each carrying stages II, III, and
mbryos). We examined four out of these five in-
d lobsters to describe the density of Carcinone-
es as well as the impact that the parasite had on
d mortality and individual-level reproductive pa-
eters (see above). First, we estimated embryo mortal-
by haphazardly collecting five sub-samples, each
prised 100 eggs from the embryo mass of each fe-
and counting the number of live embryos, dead

ryos, and empty capsules (i.e., embryos putatively
umed by the parasite [19]). These embryo samples
then returned to the egg-mass of each female to be
ded in future fecundity measurements. Embryo
tality was calculated as the average proportion (%) of
ty capsules and dead eggs present in our samples.
t, the density of Carcinonemertes sp. was estimated
aphazardly removing five sub-samples of 500 to 900
ryos each from the embryo mass of each infected fe-
and counting the total number of worms in all

samples. These embryos were also returned to the
mass of each infected female. Density of Carcinone-
es was calculated as the number of worms found
100 embryos. All examinations and counts were

under a Leica S8AP0 Stereoscope and a Wild

97874 dissecting scope.

LOGIES_________________________
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eviations
VA, analysis of covariance; ANOVA, analysis of variance; CL, 
ace length; RO, reproductive output; SD, standard deviation
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e cellular basis of bioadhesion of the 

shwater polyp Hydra
WT
elo Rodrigues1* , Philippe Leclère2, Patrick Flammang3, Michael W. Hess4, Willi Salvenmoser1,
Hobmayer1 and Peter Ladurner1*

stract

ckground: The freshwater cnidarian Hydra temporarily binds itself to numerous natural substrates encountered
derwater, such as stones, leafs, etc. This adhesion is mediated by secreted material from specialized ectodermal
dified cells at the aboral end of the animal. The means by which Hydra polyps attach to surface remain
resolved, despite the fact that Hydra is a classic model in developmental and stem cell biology.

sults: Here, we present novel observations on the attachment mechanism of Hydra using high pressure
nsmission electron microscopy, scanning electron microscopy, atomic force microscopy, super-resolution
croscopy, and enzyme histochemistry. We analyzed the morphology of ectodermal basal disc cells, studied the
reted material, and its adhesive nature. By electron microscopy we identified four morphologically distinct
retory granules occurring in a single cell type. All the secretory granules contained glycans with different
tribution patterns among the granule types. Footprints of the polyps were visualized under dry conditions by
mic force microscopy and found to consist of a meshwork with nanopores occurring in the interstices. Two
tibodies AE03 and 3G11, previously used in cell differentiation studies, labelled both, basal disc cells and
tprints. Our data suggest that the adhesive components of Hydra are produced, stored and delivered by a single
l type. Video microscopy analysis corroborates a role of muscle contractions for the detachment process.

nclusion: We clearly demonstrated that bioadhesion of Hydra relies on the secreted material. Our data suggest that
cans and/or glycoproteins represent an important fraction of the secreted material. Detachment seems to be
og
an

tu
yle
m
m
es
in,
o

iated by mechanical forces by muscular contractions. Taken t
unique temporary adhesive system not known in aquatic org

ywords: Hydra, Basal disc, Biological adhesion, Adhesion

kground
atic organisms, freshwater and marine, have evolved
yriad of effective solutions for underwater adhesion.
s range from microscopic organisms, such as bac-
, through much larger and complex marine algae,
rtebrates, and vertebrates. Examples include the per-
ent attachments of sessile mussels [1] and barnacles

na
st
co
co
th
te
am
], the temporary attachment of starfish and flat-
s during locomotion [4, 5], the construction of

ective shelters by sandcastle worms [6], and the de-
e against predators by the Cuverian tubules of sea
mbers [7]. All these bioadhesives were adapted by

orga
8 %
the
out
drat
sels
[12,
kind
byss
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______________________ WORLD TECHNO
ether, our study represents the characterization of
isms from other metazoan phyla.

ral selection for specific roles in the organism’s life
. Likewise, the way they attach are also remarkably
plex and involve a large range of interactions and
ponents with different functions [8, 9]. Generally,
e multicomponent adhesives are composed of pro-
carbohydrates, and inorganic components. The

unt of each component is highly variable in different
nisms. For instance, in sea stars 21 % are proteins,
carbohydrates, and 40 % inorganic material [10]. On
contrary, in barnacles 90 % of the adhesive is made
of proteins with the remainder being 1 % carbohy-

es, 1 % lipids, and 4 % inorganic material [11]. Mus-
have one of the best studied bioadhesive systems
13]. These marine molluscs routinely stick to all
s of surfaces underwater using their so-called
us. This structure consists of a protein complex
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eted as a fluid that spreads spontaneously and exhibits
g reversible interfacial bonding and tunable cross-
ng. Similarly, the sabelariid polychaete sandcastle
Phragmatopoma californica [6, 14] secretes micro-

lets of adhesive to build a tube-like burrow from sand
s and other particles. Alternatively, the marine flat-
Macrostomum lignano, possesses a duo-gland adhe-

system in the tail plate [5] that allows it to adhere and
se from the substrate multiple times within seconds.
different characteristics of all these adhesives are
derived from the physico-chemical properties of the
sive proteins, and in particular, from their post-
slational modifications (PTM), such as hydroxylation,
phorylation, and glycosylation [15, 16]. Some organ-
contain glycans associated with the adhesive pro-
, but it is unknown whether they are covalently
hed to the proteins [10, 17].
e freshwater cnidarian Hydra (Fig. 1a, b) is a solitary
p inhabiting any unpolluted body of shallow fresh-
r all year round. During its whole lifecycle it lives
orarily attached underwater, being able to attach and
ch repetitively, but only detaching when looking for
r living conditions [18]. Reproduction is sexual and/
y asexual budding which dominates when food is
tiful. The fertilized egg develops into an embryo that
s to an adult polyp, or as late blastula enters a resting
surrounded by a chitinous covering. The animal has
gle axis and consists of only two layers of epithelial
: the endoderm and the ectoderm [19]. At the oral
is the hypostome (mouth opening), which is sur-
ded by a ring of tentacles, and at the aboral end is an
sive disc called “basal disc” [20]. It is well known that
l disc cells are derived from ectodermal cells of the
r gastric column [21, 22], therefore consisting of
ified ectodermal cells that secrete an adhesive mater-
y which Hydra can attach strongly to a number of sur-
underwater, i.e., stones, wood sticks, leaves, and

r submerged parts of plants.
dra is a classical model organism in axial pattern,
neration, and stem cell biology [22–26]. In contrast
e existing detailed information about differentiation
regeneration of the ectodermal basal disc cells, only
studies have addressed Hydra’s astonishing attach-
t ability. The ultrastructure of ectodermal basal disc
was studied by Chaet [27] and Philpott et al. [28]
provided a first description of Hydra’s secretory
ules. They placed these granules in three categories,
of them representing the same type of granule in
rent stages of matureness, while the third granule is
different type. Further, Davis [29] proposed that

l disc cells produce, by themselves or jointly with
r cells, at least six types of granules, and a seventh
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only constituent identified inside the basal disc cells
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to at

______________________ WORLD TECHNO
T

e presence of hyaluronic acid as seen after an Alcian
[28, 29] and PAS staining [28]. At the ultrastruc-

l level, granules between 0.5 and 1.5 μm in diameter
known to be peroxidase positive [30]. The mode of
n and the components of the secreted adhesives are
understood. Enlarged cytoplasmic protrusions which
named as filopodia were observed during Hydra at-

ment by Pan et al. [31].
this study, our goal was to characterize the cellular
ponents responsible for Hydra’s underwater adhe-
. Light-and electron microscopic techniques were
sed for a comprehensive description of basal disc
phology of free and attached polyps. Additionally,
phology and adhesiveness of the secreted material
tprint) was analysed using atomic force microscopy.
nvestigate the components involved in adhesion, we
used energy electron loss spectroscopy to identify
gen and phosphorus atom distribution. Second, the
dic acid-Schiff reaction was carried out to verify the
ence of glycans, and diamino benzidine was used to
t peroxidase activity. The localisation of two anti-
labelled by two antibodies was confirmed to be

ent in the footprints. Finally, we showed that lipids
t probably do not play a role in Hydra adhesion. We
est that detachment is driven by muscular activity.
r investigating all these components, we paved the
for Hydra as a model organism for bioadhesion re-
ch using molecular approaches [32]. It provides the
s for our current efforts to uncover the biochemical
s of the glue of Hydra.

lts
l disc cell morphology and secretion of adhesive
ules
g interference contrast microscopy of squeezed live
als the basal disc cells can be seen at the aboral end
he animal (Fig. 1c and d). A longitudinal section
ugh a Carnoy-fixed unattached polyp showed an
view of the basal disc cells, which constitute the ad-
ve system (Fig. 1e and f). The external morphology
e basal disc consisted of a cylindrical peduncle cov-
by a flat disc (Fig. 2a). Between the basal disc cells
e were uniformly distributed pores (Fig. 2b). Se-
d material was visible on the basal disc (Fig. 2c). In
dra polyp attached to the substrate (Fig. 3a and b),
basal disc cells appeared directly in contact with the
ce. When it detached, it left behind a footprint
e up of the secreted material on the surface (Fig. 3c).
basal disc cells left behind an imprint outlining their
al cell-to-cell contact sites. The flat zones between
rims outlining the basal disc cells also contain a thin
of adhesive material (see below). In summary, the

l disc is a specialized secretory tissue allowing Hydra
tach to the surface.
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Fig. 1 Light microscopy images of live and fixed Hydra magnipapillata strain 105. a An adult polyp. The arrow indicates the basal disc. b Scheme of an
adult polyp indicating details of the animal morphology. c Squeezed preparation of the foot region. The square indicates the area magnified in figure
d. d The arrowheads point at individual basal disc cells. e Longitudinal section stained with hematoxylin eosin showing a general morphology of the
basal disc. Inset shows the zone magnified in figure f. f Organization of basal disc cells with stained nuclei. Scale bars 1 mm (a), 100 μm (c), 50 μm
(d-f ba

195The cellular basis of bioadhesion of the freshwater polyp Hydra

___
e detachment process was recorded with video mi-
copy (Additional file 1). In the beginning, the full

W
de

). Abbreviations: ec, ectoderm; m, mesoglea; en, endoderm; pe, peduncle; bd,
l disc was attached. The polyp started the detachment
the outer rim towards the center of the basal disc.

whic
Phal
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n the detachment got closer to the center, Hydra sud-
y detached the last cells. A footprint was left behind

sal disc
h was transparent underwater (Additional file 1).
loidin staining revealed the actin filament distribution
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Fig. 2 Scanning Electron Microscopy. a Outer aspect of the basal disc. Arrows point at discharged nematocysts. b Basal disc surface. The numbers
1, 2, 3, mark three different basal disc cells. Arrows point at pores between the cells. c basal disc and substrate covered with secretory material.
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We basal disc (Additional file 2). Within the ectodermal
the myonemes were radially distributed (Additional

2: Figure S2 a and b). From the radial myonemes a
ch of myonemes goes perpendicularly towards the ap-
side of ectodermal basal disc cells (Additional file 2:
re S2 c). This distribution of myonemes was corrobo-
by transmission electron microscopy experiments

itional file 3: Figure S3 a). Within the endodermal
they were circular (Additional file 2 Figure S2 a and
ased on these observations, we propose that muscle
ractions of the two cell layers (ectoderm and endo-
) of the basal disc were involved in the detachment
e animals.
side view at the ultrastructural level, the basal disc
had an irregular rectangular-like shape with a planar
eter ranging from 10 to 17 μm at the apical end of
cell and an apical-basal diameter about 51 to 60 μm
4a). Several water containing vacuoles were seen as
r constituents of the cells (Fig. 4 and Additional file
gure S3 b). Their most apical region, which actually
in contact with the surface when attached (Fig. 4c
d), beared an array of protruded cytoplasmic exten-
s with a diameter of about 0.4–1 μm. Filopodia-like
plasmic extensions were observed to be in contact
the surface after basal disc attachment (Fig. 4d, and
itional file 3: Figure S3 b). Basal disc cells presented
y morphological characteristics of gland cells. The
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cytoplasm was rich in endoplasmic reticulum (ER),
i fields, and mitochondria around the stored secretory

cells
This
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Tules. Based on morphology and size, four types of
ules located close to the secretory cell membrane
d be discriminated (Fig. 4b and Additional file 3: Fig-
S3 b). First, Hydra secretory granules I (HSGI) are
y precursor (maturing granules) of the granules HSGII
itional file 3: Figure S3 c). These maturing granules
closely associated with ER, suggesting that these or-
lles are involved in the synthesis and/or maturation
he secretory granule contents. HSGI measured be-
n 1.90 and 2.10 μm in diameter, and their content
electron lucent. Second, Hydra secretory granules II
II) represented electron dense granules with a diam-
ranging from 0.40 to 1.10 μm. Hydra secretory gran-
III (HSGIII) measured between 0.45 and 0.49 μm in
eter, and appeared less electron dense than the Hydra
etory granules IV (HSGIV). HSGIV were by far the
llest granules with a diameter of 0.18 to 0.21 μm
4b). In thick sections of 350 nm, secretory granules
be seen overlapping each other, corroborating that
e are true vesicles (Additional file 3: Figure S3 b). Be-
the granules membrane, there was no compartmen-
n of adhesive components inside the cell at any stage
e secretory process, and there was no intracellular
age system. Once the cell surface established contact
the substratum (Fig. 4c), the basal disc cells secreted
dhesive material by exocytosis. The secreted material
deposited as a thin film filling any space between the

disc; sm, secretory material
and the substratum (Fig. 4d and see also AFM Fig. 5).
film gives rise to the footprint after detachment.
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Fig. 3 Light microscopy images of live (a) and fixed-attached Hydra polyp (b), and secreted footprint (c). a Overview of the basal disc of a live attached
polyp taken through inverted microscopy. Individual basal disc cells (arrowheads) are in focus along the outer margin. b Longitudinal semi-thin section
stained with the basic dye methylene blue and Azur II. The polyp was chemically-fixed when still attached to a substratum. Arrowheads indicate the
interface between substratum and polyp where the adhesive is secreted. c Footprint deposited by the basal disc of a Hydra polyp stained with crystal
violet. Imprints derived from individual cells are visible in the centre of the footprint while at the periphery fungi can be observed [arrows]. Inset is a
magnification of a central area of the footprint where the flat area [asterisks] and the rims [arrowheads] can be seen in a better detail. The fungi are
contamination and/or symbionts of Hydra culture. Scale bars 100 μm (a, c), 50 μm (b). Abbreviations: s, substratum; bd, basal disc; ec, ectoderm; m,
me
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rall, our results confirm that the basal disc cells pro-
secretory granules and that their contents play the
role in Hydra adhesion.
e air dried footprints were easily located using
e contrast and could be precisely positioned be-
h the AFM cantilever. Care was taken to select a
site near to the rim of the footprints and to

d regions that were too thick to image. When vi-
ized through AFM, the footprints of Hydra were
d to be a meshwork with nanopores occurring in
interstices of the deposited material (Fig. 5a). The
eted material seems homogeneous, traces of indi-
al secretory granules cannot be detected. Several
s of about 0.5–1 μm where present at the surface
e footprint whose diameter correlated to the one
he protruded cytoplasmic extensions. The adhe-
profile (Fig. 5b) showed that adhesive forces were
er in the deeper (thinner) areas of the footprint,
hing up to 66.4 nN. In summary, the AFM results
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istry of granules
determine whether granules contained vicinal diol-
aining glycans, Periodic Acid Schiff (PAS) cyto-
istry was carried out in both light-and electron
oscopy. The PAS method positively stained basal
cells showing a gradient towards the apical end of
cells. The strongest reaction was observed most api-
where the granule secretion takes place (Fig. 6a and
igure 6c showed that HSGII were fully positive to
, with a strongest reaction near their surrounding
brane, while negative control did not show any
ing (Fig. 6d). HSGIII and IV, positively reacted
ughout the whole vesicle. Alcian blue staining was
tive for ectodermal basal disc cells in H. magnipa-
ta at pH-value 2.5. As positive control reaction for
we successfully stained nematocysts in tentacles
ons (Additional file 4), validating that the method
was functional. Our results showed that secretory
ules from H. magnipapillata contained neutral gly-

instead of the acidic compounds found previously

ther species.
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Fig. 4 Transmission electron microscopy images of chemically and cryo-fixed Hydra polyps. a Longitudinal section through a chemically-fixed basal
disc showing individual basal disc cells. Electron dense granules tend to accumulate at the aboral end of the cell, which is the area attaching to the
substratum. At the aboral end, several cytoplasmic extensions are present [arrows]. b Cryo-fixed basal disc reveals the fine structure of secretory
granules. c Chemically-fixed Hydra polyp right after attachment to the substratum. d Interface between an attached basal disc and the substratum.
Note protruded cytoplasmic extensions are in contact with the substratum. Scale bars 10 μm (a, c), 2 μm (b), 5 μm (d). Abbreviations: en, endoderm; m,
mesoglea; bdc, basal disc cell; I, Hydra secretory granule I; II, Hydra secretory granule II; III, Hydra secretory granule III; IV, Hydra secretory granule IV; s,
sub f w
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amino benzidine treated polyps allowed to
alize peroxidase activity in the basal disc of Hydra
6e and f ). The reaction was stronger close to

re exocytosis takes place. The peroxidase reaction
associated with HSGI (Fig. 6g and h), but not for
he granules. Peroxidase activity was also detected

wh
th
stu
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gr

stratum; arrows, indicate cytoplasmic extensions; asterisks, indicate vacuoles o
he level of cytoplasmic components surrounding
II.

mea
cells
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sed on information from other model organisms, in
h lipids played an important role in adhesion [33, 34],
occurrence of lipids was investigated in the present
y using Nile Red on Hydra whole mounts. When ex-
ng stained specimens to both blue (450–500 nm) and
n (550 nm) exciting light, dispersed droplets of lipids

ater
suring between 1 and 1.8 μm were visible in basal disc
(Additional file 5), but apparently not associated to
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W
etory granules. Lipid droplets were also not observed
e footprints (data not shown). Therefore, these results
ort a view that lipids do not play a critical role in the
sion process of Hydra.
ectron energy loss spectroscopy (EELS) and electron
troscopic imaging (ESI) experiments allowed to de-
ine the distribution of nitrogen and phosphorus on
-pressure freezing ultrathin resin sections from
fixed specimens. Among the secretory granules, high
ents of N atoms were found in HSGI and II (Add-
al file 6), demonstrating their protein nature. P
s were observed in HSGI and II (Additional file 6)
ugh at a lower density when compared to N atoms.
mmary, EELS and ESI showed the presence of pro-
and potentially post-translationally modified by

phorylation, in some granules of basal disc.
o monoclonal antibodies had been previously ap-
to study nematocyte development [35] and basal

cell differentiation [36, 37]. Notably, both antibodies
stained secreted material, however, this aspect was
further pursued in the earlier studies. Therefore, we
ied immunohistochemistry with antibodies AE03
36], and 3G11 [37] to label basal disc cells in whole
nt preparations or macerated single cells, and of
prints. Both antibodies were confirmed to label the
l disc of polyps as well as the secreted material
7a-h). AE03 also recognized nematoblasts and ma-
nematocytes [35], but this immunoreactivity did not
de the present study which focused at basal disc
and their secretion. In super-resolution microscopy
es, AE03 showed a clear specificity to an inner ring
anular structures (Fig. 7c) whereas 3G11 also recog-
d granular structures as well as cytoplasmic constit-
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. 5 Atomic force microscopy images collected in air on dried footprints fro
nt at pores presumably corresponding to cytoplasmic before polyp detach
s throughout the whole cell (Fig. 7g). However, we
ot infer which granule type was labelled with the

cont
diffe

______________________ WORLD TECHNO
T
odies. Although in macerated cells the staining pat-
s of the two antibodies were different, the pattern
ared very similar in the footprint (Fig. 7d and h).
stained pattern of secreted material with a densely
ed rim outlining the cell margins and a weaker
ed flat centre, corroborates our earlier observation
crystal violet stained footprint (Fig. 3c). Therefore,
results confirm that the granule material is in fact
eted by basal disc cells.

ussion
ra is considered to represent the most basal animals
a defined body plan and organized epithelia. A com-
feature within the cnidarian group is their ability of
ucing bioadhesives either for attaching permanently or
orarily to surfaces through specialized ectodermal
, and their ability for food capture through specialized
atocysts. Here we investigated the ability of temporary
sion in Hydra through ectodermal basal disc cells
8) which represents one of the most ancient metazoan
of cell-to-surface adhesion.
organisms well-known for their capacity to adhere
orarily, such as free living flatworms [5] and sea
[10] the adhesive mechanism relies on a duo-gland
m where two or more secretory cell types collabor-
n a way that allows attachment and detachment by
g adhesive and de-adhesive components. The num-
of cell types are variable, free living flatworms en-
one adhesive and one de-adhesive cell, while sea
have two adhesive and one de-adhesive cell type.

e parasitic flatworms possess two different glands
ucing dissimilar adhesive components, while cells
ucing de-adhesive constituents are absent [38]. In

Hydra. a Height profile revealing the meshwork structure. Arrows
nt. b Adhesion profile
rast, substrate detachment in Hydra is mediated by
rentiated epithelia muscle cells of the ectoderm of

LOGIES_________________________



WT
Fig. 6 Cytochemistry of Hydra basal disc. a Overview of semi-thin Epon section stained for glycans with PAS method. The reaction is stronger in the
mesoglea and at the aboral tip [arrows] of the cell. b Magnification of a. Arrows indicate strong PAS reactions. Note the reaction gets stronger towards
the aboral end of basal disc cells. c TEM- Periodic acid-thiocarbohydrazide-silver proteinate reaction (the EM-correlate PAS staining) was performed on
cryo-fixed basal disc revealing the glycan distribution in the Hydra secretory granules. HSGII react positively in and close proximities of the granule
membrane, while HSGIII and IV reacts quite uniformly. d Basal disc section not exposed to Periodic acid but regular thiocarbohydrazide-silver proteinate
staining. Note secretory granules do not react to glycan staining. e Longitudinal semi-thin section through the basal disc stained with diamino
benzidine and oxidized with Osmiun tetroxide. Endogenous peroxidase activity is strong at the aboral end of the basal disc [arrows] and endodermal
lipid granules are dark from osmium fixation [asterisks]. f Longitudinal section of basal disc cells reacted for peroxidase after diamino bencidine staining
counterstained with methylene blue and Azur II. Arrows point at some reacted secretory granules located at the most-aboral end of the cells. g TEM-
peroxidase staining in chemically fixed basal disc is positive for some Hydra secretory granules II and their neighbouring cytoplasm. Arrows point at
the most aboral end cell membrane, region with highly peroxidase activity. h Section from a negative control not exposed to diamino benzidine. Scale
bars 100 μm (a), 50 μm (b, e), 20 μm (f), 1 μm (c, d, g, h). Abbreviations: PAS, periodic acid Schiff; POX, peroxidase; en, endoderm; m, mesoderm; bd,
basal disc; bdc, basal disc cell; I, Hydra secretory granule I; II, Hydra secretory granule II; III, Hydra secretory granule III, IV, Hydra secretory granule IV; ex,
exterior of the cell
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Fig. 7 Immunofluorescence staining of whole mount (merged bright field and fluorescence), macerated cell (merged phase contrast and
fluorescence), and footprints with anti-AE03 and 3G11 antibodies. a Whole mount, b Macerated basal disc cell, c apical side of macerated cell
imaged with super-resolution microscopy, and d footprint stained with AE03 antibody. e Whole mount, f macerated basal disc cell, g apical side
of macerated cell imaged with super-resolution microscopy and h footprint stained with 3G11 antibody. Both AE03 and 3G11 have affinity to
basal disc cells. Their corresponding antigens are eventually secreted and become a component of the adhesive anchoring Hydra polyps
underwater. Scale bars 200 μm (a), 10 μm (b, f), 1 μm (c, g), 15 μm (d, h), 400 μm (e). Abbreviations: bd, basal disc; arrows, indicate bud; arrowheads,
indi
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l disc. EM observations on secretory granules morph-
y in these cells [28, 29] with additional information on
molecules present. We have identified four morpho-
ally distinct secretory granules (HSGs) as a major
ponent of the basal disc cells that could be involved in
sion although it remains unclear to which degree
granule type contributes to the adhesion process. We
ified the HSGII as a mature granule derived from the
I, because these two granules share biochemical
res, they are the only ones of protein nature, and con-
phosphor. We also observed possible transition stages
HSGI to HSGII. Another feature is that HSGI is

r seen close to the most-apical side of the cell. How-
, we have no direct proof for granule maturation.
efore, this process must be further addressed in order
nderstand granule development.
e component that is actually labeled by the anti-
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cate nematocysts
es was not precisely identified. However, super-
lution microscopy experiments (Fig. 7d and h)

foot
the
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ed that both antibodies stained granular structures
are eventually secreted and become a constituent of
secreted material. The footprint of Hydra is a mesh-
of quite homogenous strands. The starfish and sea
mber footprint have a similar meshwork morph-
y [7, 39], but contain globular nanostructures which
bsent in Hydra. In the case of Hydra, all HSG have
rical morphology before release and are not
gnizable in the footprint. The contents of the gran-
seem to have merged or fused into larger aggregates
ing the strands. In the footprints of sea cucumber
adhesive forces of 17nN were measured under dry
itions, and for the rootlets of the English ivy [40]
nN. Our measurements of Hydra footprints showed
dhesion force as high as 66 nN. Measurements in
ral Hydra living conditions (i.e., under freshwater)
ld be necessary for a better understanding of its

print adhesion forces. Yet, despite repeated attempts,
topographical visualization of the footprints under
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Fig. 8 Schematic representation of attachment (a-c) and detachment (d) of Hydra. Arrowheads indicate rims of footprints. Abbreviations: m,
mesoglea; n, nucleus; my, myoneme; w, vacuoles of water; I-IV, Hydra secretory granule types; i, interface; s, substratum; f, cytoplasmic extensions;
sm,
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e conditions in culture medium was not possible,
to the transparent nature of the footprints. New
nical developments would be needed to provide an
opriate contrast for identifying the footprint
rwater.
ycans are considered important components for tem-
ry adhesives, e.g., in cephalopods, gastropods, and
noderms [10, 17, 41–43]. Permanent glues seems to be
rally composed mainly of protein. Glycans have not
considered as an important moiety, though reported
mussels, stalked and acorn barnacles, sandcastle
s, and caddisfly larva [2, 11, 44, 45]. Although previ-

reports showed alcian blue staining of basal disc cells
ther Hydra species [28, 29], our alcian blue experi-
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secreted material; fo, footprint
ts performed at pH-value 2.5, staining was negative for
agnipapillata. In Hydra, EM cytochemistry showed

is us
such

______________________ WORLD TECHNO
glycans occur in all the HSG, with differential distribu-
(the present study). The presence of phosphor (P) in
I and II raises the question about possible protein
phorylation of the Hydra adhesive. Phosphorus in the
of phosphate group may indeed be involved in phos-
ylation, a PTM which confer additional functionalities
roteins, including adhesive proteins [16]. Phosphopro-
have been identified in a number of aquatic adhesives,
in adults and larvae of barnacles [3, 34], in the caddis-
rvae [46], in mussels [47], in sandcastle worms [48], in
ucumbers [16], and in kelp spores [49]. Although, co-
tly attached phosphate groups are usually present at
toichiometric levels (less than 5 % of the protein is
ified) in intracellular proteins [50, 51], their proportion

ually much higher in extracellular structural proteins
as adhesive proteins. For instance, in Pc3 an adhesive

LOGIES_________________________
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ein from the sandcastle worm, up to 90 mol% (residues
100 residues) of the serine residues are modified by
phorylation [48]. The P concentration observed within
II (Additional file 6) is lower than that of N (Add-
al file 6). Both, glycosylation and phosphorylation,
d be important in the adhesion process of Hydra.
roxidase activity in the basal disc of Hydra [52, 53]
been used as an important biochemical marker for
ing the reappearance of basal disc cells during polyp
neration [53]. The Hydra genome [54] encodes five
rms of putative peroxidases. Their functional signifi-
e for the animal is still under debate [55, 56], but
t likely they play several roles. The obtained results
similar to the ones described earlier for other Hydra
ies [30]. Although peroxidase-like enzymes are highly
entrated in basal disc cells, it is not the adhesive per
nd its role in Hydra’s adhesion remains to be eluci-
d. The peroxidase-like enzyme could catalyse the
slinking of other components to post-draw the se-
d adhesive as it occurs in the freshwater caddisfly silk
Furthermore, it is well known that peroxidase-like
mes possess antimicrobial features [58], and can func-
to either foster beneficial relationships or control
ogenesis. During the attachment process, the basal
secretes a protein-rich adhesive material which might
es as a nutrient source for bacteria and the peroxidase
have a protective role, reducing bacterial biodegrad-
over the time protein needs for curing. The combin-
of both functions, i.e., curing and antimicrobial, may
r in Hydra adhesion, though the functional signifi-
e of this is yet to be examined.
various organisms, detachment from temporary adhe-
is controlled by additional secretory products, en-

es, or by creating forces. However, the detachment
esses are largely not well understood. The observa-
on Hydra presented here support the hypothesis that
etachment is mechanically induced (Additional files 1
2). If chemical detachment were the case, the basal
would detach at once, and individual basal disc cells
ld not be seen detaching individually. When detach-
t is necessary, myonemes within both ectoderm (radial
neme) and endoderm (circular myoneme) composing
asal disc contract, leading to an expansion of both ra-
and circular myonemes. This retracts the attached cells
the surface that in combination with the longitudinal

nemes contracting the vacuoles of water which expels
r into the footprint meshwork would pull the polyp off
ured adhesive.

clusion
study showed that cnidarian Hydra polyps secrete

orate adhesive composites underwater (freshwater)
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adhesive system used by Hydra exhibits unique
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T

res among metazoans. Glue based adhesion is the
component of the system: basal disc cells release
adhesive vesicles whose contents would have the

ty to spread over the surface, displace water, and
te a proper environment for curing the secreted
. Projecting structures were observed, but the way
functions is enigmatic. The adhesive components of
ra are produced, stored and delivered by a single cell
, the ectodermal basal disc cells. Our results revealed
the secretory granules contained glycans and phos-
us, which are important components in other
dhesive systems. A Peroxidase-like enzyme was as-
ted with secretory granules and could play a role in
ra adhesion. This work was intended to offer a first
view of the Hydra adhesive system. The characteris-
presented here provide a basis for an ongoing pro-
aimed at unravelling the molecular components of
ra’ glue.

hods
als
ra magnipapillata strain 105 was used for all the ex-
ents carried out in this study in compliance with
al welfare laws and policies (Austrian Law for ani-
experiments, TVG 2012, §1). Permanent mass cul-
s were bred and kept at 18 °C in growth chambers,
day/night light cycle at the Institute of Zoology,
ersity of Innsbruck. Hydra cultures were fed five
s per week with freshly hatched Artemia nauplii as
iously described [59]. Under these conditions, animals
ined asexual and reproduced by budding. We selected
als that had at least one bud. Animals were starved
4 h before experiments. Before fixation, animals were
ed in 2 % urethane in culture medium for 2 min.

t microscopy
bright field or differential interference contrast

alization, processed samples were examined with a
a DM5000. Images were taken with a Leica DFC495
al camera and a Leica LAS software.
otprint: To collect Hydra’s footprints, polyps were
ed onto glass slides and allowed attach for 30 min.
r this period, polyps were gently detached with the
of a glass pipet. Glass slides bearing footprints were
d three times with Hydra culture medium before
ing. Fresh footprints were stained using a 0.05 % so-
n (in culture medium) of Crystal Violet, and rinsed
lture medium.
ueezing preparations: Living polyps were anesthe-
in a 2:1 mixture of 2 % Urethane and culture

ium, transferred in a drop onto a slide and slightly
ezed under a coverslip. The specimens were ob-

ed with interference contrast under the same mi-
copy as mentioned above.
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stology: Adult Hydra polyps were fixed in Carnoy’s
ive (ethanol, chloroform, glacial acetic acid, 6 + 3 + 1
ectively), Bouin’s fluid (saturated picric acid, 36 %
aldehyde, and glacial acid, 15 + 3 + 1 respectively),
paraformaldehyde (PFA) in 0.1 M Phosphate Buffer
)) and/or in Flemmings fixative (1 % chromium (VI)
e, 2 % osmium tetroxide and glacial acetic acid, 15
1 respectively), dehydrated and embedded into
plast or in Technovit 7100 resin. Paraplast sections
m) and resin sections (3 μm) were produced with a
hert Autocut 2030 (Reichert, Austria) and stained
hematoxylin and eosin (HE), periodic acid Schiff
), or alcian blue (AB) pH 2.5.
zymehistochemistry: For peroxidase activity, Hydra
ps were fixed with 4 % PFA in 0.1 M PBS, stained
diamino benzidine (DAB + CHROMOGEN, Dako)
fixed either with 2.5 % glutaraldehyde or 1 % os-

m tetroxide, dehydrated and embedded in PolyBed
resin. Semi thin sections (350 nm to 500 nm) were
with a Leica ultra-microtome UCT (Leica, Austria)
stained according to Richardson et al. [60].
pid staining: PFA fixed polyps were stained with the
escence Nile Red method as whole mounts for lipid
ction following method used by Gohad et al. [34].
ative controls were performed by exposing speci-
s to ETOH washes. Whole mounts were visualized
r a Leica SP5 II confocal laser scanning microscope.

body staining
antibodies labelling basal disc cells were used: AE03
36], and 3G11 [37] were kindly provided by the corre-
ding authors. The antibody staining method was
tly modified from the original protocols. Experiments
performed on whole mount, macerated cells and
rints. Samples were mounted in Vectashield (Vector),
visualized with a Leica DM5000, or a Leica SP5 II
ocal scanning microscope. For super resolution mi-
copy, macerated cells samples were mounted in
iol and examined with a Leica TCS SP8 gSTED
oscope system. Obtained super-resolution images
deconvoluted using the Huygens software from Sci-
ic Volume Imaging implemented in the TCS SP8.
hole mount preparation: For AE03 labelling, whole
ps were fixed in Zamboni’s fixative (2 % PFA, 0.2 %
c acid in 0.1 M PBS pH 7.2). For 3G11 labelling,
le polyps were fixed in 4 % PFA. Both fixations were
at 4 °C overnight. The following steps were applied
oth antibodies: After three washes with PBS, the
ps were permeabilized with 0.5 % Triton in PBS for
in, and incubated with 0.5 % Triton, 1 % bovine

m albumin (BSA, w/v) in PBS with primary antibody
tions = AE03 1:5, and 3G11 1:1000) overnight at 4 °C.
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r this period, polyps were washed three times in PBS,
incubated for 2 h with fluorescein isotthiocyanate-
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ugated (FITC) antimouse lgG (Dako) secondary anti-
(1:200). Polyps were washed again three times in

and mounted.
acerated cells: Basal discs (from approx. 150 polyps)
excised and incubated in 200 μl maceration medium

tic acid, glycerol, and distilled water, 1:1:7) for 2 h at
C. Basal discs were then mechanically disrupted by
ring them through the opening (roughly 1 mm diam-
of a pipette. The same amount of fixative, either
boni or PFA, were added to the medium containing
and gently mixed. 50 μl of the sample were spread
gelatine-coated slides and allowed dry for 20 min at
Steps for antibody staining were as for whole mount.
rences were a Triton concentration of 0.1 %, and an
bation time for the secondary antibody of 4 h. Slides
additionally counterstained with the DNA-specific
ochrome, Hoechst 33342 (Life Technologies; 1 μg/
Samples examined with super-resolution microscopy
incubated with antimouse abberior STAR 488

erior) secondary antibody diluted 1:100.
otprint: Secreted material was collected on glass
s as described for light microscopy purposes. Im-
ofluorescence staining with AE03 and 3G11 was
ied out as described above.
e tried to elucidate the subcellular binding of AE03
3G11, but several different immunogold approaches
d: i) post-embedded immunogold on both, cryo and
ically fixed material [61], ii) post-embedded immu-
ld on thawed cryosections according Tokuyasu
Ttavidin conjugated antibodies.

loidin staining
figuration of actin filaments in the basal disc were de-
d by phalloidin staining. Experiments were performed
g amputated basal discs. Animals were let to attach to
ss slide for approximately 1 h and were then ampu-
. Basal discs were fixed with 4 % PFA for 1 h at room
erature, then washed three times for 10 min in PBS-
Triton, and then incubated in Alexa 488 phalloidin

itrogen) in a concentration of 1:400 for 1 h at RT in
dark. Afterwards, they were washed three times for
in with PBS. Samples were mounted in Vectashield
microscope.

ning electron microscopy
ra polyps were fixed in 4 % PFA for 24 h. They were
drated in graded ETOH, dried by the critical point
od (with CO2 as transition fluid), mounted on
inium stubs, coated with gold in a sputter coater,

observed with a JEOL JSM-6100 scanning electron
oscope.
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smission electron microscopy
ventional chemical fixation and cryofixation were
ormed basically as described by Holstein et al. [61].
ical fixation: Hydra polyps were allowed to attach
dialysis membrane, relaxed in 2 % urethane for

in and immediately fixed with a combined 2.5 % glu-
dehyde and 1 % osmium tetroxide fixative, dehy-
ed in a graded acetone series and embedded in
bed 812 resin.

pressure freezing (HPF) and freeze substitution
l discs were dissected and frozen with a HPM-010
F apparatus from BAL-TEC, Baltzers, Liechtenstein),
e substituted with acetone containing osmium tetrox-
nd uranyl acetate, and embedded into PolyBed 812 as
iously described [61]. Thick sections (350 nm) and ul-
in sections (70 nm) were cut with a Leica ultra-
otome UCT (Leica, Austria), mounted on copper
and stained with uranyl acetate and lead citrate and
ined with a Zeiss Libra 120 energy filter transmission
ron microscope using zero loss electrons. Images
taken with a TRS 2048 high speed camera (Tröndle,
any) and visualized through Olympus SiS iTEM 5.0
are.
tochemical detection of PAS-positive 1–2 vicinal di-
was carried out according to Thiery [63]. Sections
cryofixed samples were mounted on gold grids, ex-
d to periodic acid, thiocarbohydrazide, and silver
einate. Negative control included omission of peri-
acid treatment.
roxidase activity was detected in Hydra polyps fixed
4 % PFA in 0.1 M PBS. They were stained with dia-

o benzidine (DAB + CHROMOGEN, Dako), and post
ion with 2.5 % glutaraldehyde/1 % osmium tetroxide,
dration and embedding into Polybed 812. Images
taken without any further section post-staining. Con-
included the inhibition of peroxidase activity by incu-
g samples in 3 % hydrogen peroxide for 20 min.
ctron energy loss spectroscopy (EELS) and electron
troscopic imaging (ESI) were performed on ultrathin
ons in order to detect element distribution in struc-
s rich in nitrogen (N) and phosphorus (P) within the
l disc cells. The EELS charts and ESI images were col-
d using the software iTEM 5.0©. Distribution of N
P was measured according to a three-window power
difference ESI model with an energy slit width of
V. Here, two background images and one image at the
ation edge of the appropriate element, K edge 397 eV
and L2,3 edge at 129 eV for P were taken. Maximum

ent distribution was finally mix mapped with an
rted high contrast image taken at 250 eV.
e window-one was placed at 382 eV, the window-two
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ation edge at 397 eV. The background image was set
the subtraction model obtained from the EELS ana-
default, which ensures that only the energy loss from
ion under examination is mapped. Likewise, for con-
ting the distribution map of P, the window-one was
d at 121 eV, window-two at 110, and window-three at
e with the onset of P –L2,3 ionization edge of 129 eV.

ic force microscopy
prints from Hydra were collected on glass slides. The
ples were let dry at room temperature and analyzed
Atomic Force Microscopy (AFM- Peak Force Tap-
™, PFT). Data collection was achieved by applying
rolled, low forces on the tip of the cantilever during
ing, which allows a direct comparison between the
phology and the adhesive properties at the nanometer
) scale. With the PFT method, an adhesion profile can
btained by evaluating one force-distance curve for
pixel of the obtained image. Thereof, the adhesion
is defined as the maximum force needed to pull off

cantilever tip. The probe (silicon tip on silicon nitride
ilever—SNL, Bruker, Santa Barbara, CA, USA,
.12 N/m) was calibrated on a stiff surface prior to the
Ts, in order to quantify the tip sample force.

itional files

itional file 1: Hydra magnipapillata dettaching from a glass slide in
time. (MP4 3304 kb)

itional file 2: Phalloidin staining of actin filaments visualized with
focal microscopy. a overview of basal disc myoneme organization. The
re indicates the area magnified in figure b. b detail of actin filaments in
basal disc. c lateral view of basal disc showing actin filaments which
ched perpendicularly towards the apical side. Arrowheads point at actin
ents from basal disc cells, and arrows indicate the ones from endodermal
. Scale bars 50 μm (a), 15 μm (b, c). Abbreviation: ap, aboral pore; m,
oglea; bdc, ectodermal basal disc cells. (TIF 18280 kb)

itional file 3: Transmission electron microscopy images of chemically
basal discs from Hydra magnipapillata. a 350 nm sections from
itudinal section of apical side of basal disc cell. Note that given the
kness of sections, overlapping secretory granules can be seen. b 350 nm
ions from longitudinal section of basal side of basal disc cell. Myoneme
ching towards the apical side are seen. c 70 nm section longitudinal
ion of basal disc showing possible HSGII developing stages. Scale bars
(a), 1 μm (b, c). Abbreviations: I, Hydra secretory granule I; II, Hydra

etory granule II; I/II, possible developing transition between HSGI and
II; III, Hydra secretory granule III; IV, Hydra secretory granule IV; ex,
rior of the cell; m, mesoglea; my, myoneme; er, endoplasmic reticulum;
ws, indicate cytoplasmic extensions; asterisks, indicate vacuoles of water;
wheads, indicate myoneme branching towards apical side of basal disc
(TIF 9364 kb)

itional file 4: Cytochemistry of Hydra basal disc. a longitudinal section
basal disc stained with alcian blue. Basal disc cells did not react for
ic mucopolysaccarides. b Longitudinal section through a Hydra tentacle.
atocytes were alcian blue positive (arrows) corroborating the method

was correct. Scale bars 100 μm (a), 50 μm (b). Abbreviations: bd, basal

; m, mesoglea; en, endoderm (TIF 3667 kb)
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itional file 5: Lipidaceous granules distribution within Hydra basal
. Whole mounts were stained with Nile Red. a-a”’ Hydra polyps
tain few scattered lipid droplets within basal disc cells. Unlike basal
cells, the endoderm is rich in lipids. b-b”’ negative control was
blished after a series of ETOH washes. Scale bars 30 μm. Abbreviations:
basal disc; m, mesoglea; en, endoderm (TIF 6150 kb)

itional file 6: Electron spectral imaging (ESI), and electron energy
spectroscopy (EELS) performed in sections of cryo-fixed basal disc. a
ged ESI micrographs revealing the nitrogen atoms profile –green
. Nitrogen atoms are densely distributed in Hydra secretory granule II,
ring its full surface. b Merged ESI micrographs depicting P atoms
ibution –green dots. Note P atoms are found in the same secretory
ules as N but in much lower density. Scale bars 1 μm. Abbreviations:
xterior of the cell. (TIF 2992 kb)

eviations
cian blue; EELS, electron energy loss spectroscopy; EM, electron
scopy; ER, endoplasmic reticulum; ESI, electron spectroscopic imaging;
igh pressure freezing; HSG I-IV, Hydra secretory granule one to four;
eriodic acid Schiff
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